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ABSTRACT 

P l a s m a p o l y m e r s o f p e r f l u o r o b e n z e n e ( P F B ) , p e r f l u o r o t o l u e n e 

( P F T ) , p e r f l u o r o c y c l o h e x a n e , p e r f l u o r o c y c l o h e x e n e , b e n z e n e , 

n a p h t h a l e n e a n d N - v i n y l p y r r o l i d i n o n e (NVP) were p r e p a r e d and 

a n a l y s e d by XPS a n d SIMS. The a n a l y s i s s u g g e s t e d t h a t p o l y m e r s 

d e r i v e d f r o m p e r f l u o r o a r o m a t i c monomers c o n s i s t e d o f a r o m a t i c and 

o t h e r c y c l i c s t r u c t u r e s l i n k e d by v e r y s h o r t a l k y l c h a i n s , w h i l e 

t h o s e d e r i v e d f r o m p e r f l u o r o c y c l o h e x a n e a n d p e r f l u o r o c y c l o h e x e n e 

w e r e much more a l i p h a t i c i n n a t u r e a n d c o n t a i n e d f e w e r a r o m a t i c 

a n d o t h e r r i n g s t r u c t u r e s . PFB, PFT a n d NVP were f o u n d t o p r o d u c e 

s u r f a c e p h o t o p o l y m e r s , s i m i l a r t o t h e i r p l a s m a p o l y m e r s , 

s u g g e s t i n g t h a t t h e p o l y m e r i s a t i o n p r o c e e d s v i a an e x c i t e d s t a t e 

m e c h a n i s m . The p h o t o p o l y m e r i s a t i o n o f NVP was f o u n d t o be e i t h e r 

a one o r two p h o t o n p r o c e s s d e p e n d i n g on t h e c o n d i t i o n s u s e d , a n d 

an a p p r o x i m a t e l i f e t i m e was f o u n d f o r a p o l y m e r i s i n g g a s p h a s e 

s p e c i e s . P l a s m a mass s p e c t r o s c o p y a l s o s u g g e s t e d t h a t n e u t r a l 

s p e c i e s w e r e l a r g e l y r e s p o n s i b l e f o r t h e p l a s m a p o l y m e r i s a t i o n o f 

PFB, b u t t h a t i o n i c s p e c i e s w e r e i m p o r t a n t i n t h e p l a s m a 

p o l y m e r i s a t i o n o f b e n z e n e . C o n s i d e r a b l e g a s p h a s e i n t e r a c t i o n was 

o b s e r v e d i n a m i x e d b e n z e n e / P F B p l a s m a . P l a s m a p o l y m e r s 

c o n t a i n i n g a h i g h c o n c e n t r a t i o n o f -COOH were f o r m e d from a 

v a r i e t y o f c a r b o x y l i c a c i d s , by u s i n g low power and h i g h f l o w 

r a t e c o n d i t i o n s , b u t m e t h y l m e t h a c r y l a t e a n d a c e t i c a c i d d i d n o t 

r e t a i n t h e i r c a r b o x y l a t e g r o u p s u n d e r s i m i l a r c o n d i t i o n s . I o d i n e 

was i n c o r p o r a t e d i n t o a p l a s m a p o l y m e r by c o p o l y m e r i s i n g b e n z e n e 

a n d i o d o b e n z e n e , b u t n o t a t a s u f f i c i e n t l y h i g h c o n c e n t r a t i o n t o 

p r e v e n t o x y g e n p l a s m a e t c h i n g . P l a s m a p o l y m e r i s a t i o n o f a l l y l 

i o d i d e p r o d u c e d a p o l y m e r c o n t a i n i n g I s " i o n s . 
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CHAPTER 1 

AN INTRODUCTION TO PLASMA POLYMERISATION 
AND SURFACE PHOTOPOLYMERISATION 



1.1 PLASMAS 
1.1.1 I n t r o d u c t i o n 

A plasma i s defined as a wholly or p a r t i a l l y ionised gas, 
and i s sometimes r e f e r r e d t o as the f o u r t h s t a t e of matter. A 
plasma g e n e r a l l y c o n s i s t s of molecules, atoms and ions i n both 
ground and e x c i t e d s t a t e s ( i n c l u d i n g metastable s t a t e s ) , and 
e l e c t r o n s , such t h a t the conc e n t r a t i o n of p o s i t i v e l y and 
n e g a t i v e l y charged species r e s u l t s i n close t o o v e r a l l e l e c t r i c a l 
n e u t r a l i t y . Plasmas occur i n nature and i n the labor a t o r y i n many 
d i f f e r e n t forms which can be characterised by t h e i r e l e c t r o n 
d e n s i t y and t h e i r average e l e c t r o n energy^ (see f i g u r e 1.1). 
Examples o f n a t u r a l l y o c c u r r i n g plasmas include s t a r s , such as 
th e sun, i n t e r p l a n e t a r y space and the aurora b o r e a l i s . I n the 
l a b o r a t o r y plasmas may be produced by e l e c t r i c a l discharges, 
e l e c t r o n beams or l a s e r s . 

Plasmas can be d i v i d e d i n t o two types known as hot or cold 
plasmas. I n a hot, or e q u i l i b r i u m , plasma the e l e c t r o n 
temperature i s roughly equal t o the gas temperature, which must 
be very h i g h i n order f o r t h i s t o occur. This class of plasma can 
be used i n m e t a l l u r g y f o r reducing m e t a l l i c ores and slag t o the 
base metal^ and i n the a n a l y s i s of ma t e r i a l s by ICP OES 
( i n d u c t i v e l y coupled plasma o p t i c a l emission spectrophotometry) 
o r ICPMS-̂  ( i n d u c t i v e l y coupled plasma mass spectroscopy) . I n the 
h i g h temperature of the plasma most ma t e r i a l s are reduced t o 
t h e i r c o n s t i t u e n t atoms, whose o p t i c a l emission or mass spectra 
are taken i n order t o give an elemental a n a l y s i s . Hot plasmas are 
a l s o used i n attempts t o produce c o n t r o l l e d nuclear f u s i o n f o r 
use as a power source. 
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Figure 1.1 C h a r a c t e r i s a t i o n of plasmas by t h e i r e l e c t r o n 
temperatures and e l e c t r o n d e n s i t i e s 

Cold, or n o n - e q u i l i b r i u m , plasmas g e n e r a l l y have e l e c t r o n 
temperatures much higher than the temperature of the ions and 
molecules i n the gas, t y p i c a l l y by about 2 orders of magnitude. 
Cold plasmas can be formed i n the l a b o r a t o r y by means of a gas 
discharge. E a r l y i n v e s t i g a t i o n s of gas discharges were c a r r i e d 
out i n t h e 18'''̂  and 19^^ c e n t u r i e s . The discovery of the 
i n d u c t i o n c o i l by Ruhmkot-ff"^ led t o i n v e s t i g a t i o n s of cathode 
rays e m i t t e d from discharge tubes by Crookes (1879) and others. 



I n 1897 Thomson showed t h a t cathode rays were consisted of 
e l e c t r o n s , and by the e a r l y 1900's i t had been established by 
Townsend^ and others t h a t c o n d u c t i v i t y i n e l e c t r i c a l discharges 
r e s u l t e d from i o n i s a t i o n i n gas discharges by c o l l i s i o n . The word 
"plasma" was coined by Langmuir i n 1928 t o denote the s t a t e of 
i o n i s e d gases formed i n an e l e c t r i c discharge^. Cold plasmas 
o f t e n produce v i s i b l e emission from e x c i t e d species i n the 
plasma, causing them t o be sometimes known as glow discharges. 

Cold plasmas have found use chemically i n several areas: 

( i ) S y n t h e t i c Orqanic/Orqanometallic Chemistry 
The energies a v a i l a b l e i n a plasma are considerably greater 

than i n c o n v e n t i o n a l chemical r e a c t i o n s ^ , and so r e a c t i o n 
pathways not noirmally a v a i l a b l e can be e x p l o i t e d . A l l organic 
compounds undergo some r e a c t i o n i n a glow discharge but the 
product m i x t u r e may be complex, and percentage y i e l d s may be low. 
Best r e s u l t s are obtained by avoiding high e l e c t r o n energies and 
e l e v a t e d temperatures, which reduces the damage done t o the 
molecules. Most of the work i n t h i s area has been done by Suhr 
and coworkers^. 

( i i ) Surface M o d i f i c a t i o n 
T his can be achieved i n a number of ways: 

(a) Surface g r a f t i n g ^ . A polymer i s exposed t o a plasma i n order 
t o c r e a t e r e a c t i v e s i t e s which can be used t o i n i t i a t e a 
c o n v e n t i o n a l f r e e r a d i c a l p o l y m e r i s a t i o n on the surface. For 
example th e w e t t a b i l i t y - ^ ^ and flame retardancy-*--^of f i b r e s can 
be improved by t h i s method. 



(b) I n e r t plasmas, such as argon, may be used t o c r o s s - l i n k 
polymer surfaces by d i r e c t and r a d i a t i v e energy t r a n s f e r . 
This can be used f o r example t o improve the adhesive 
bonding of polymers-'-^ 

(c) D i r e c t chemical m o d i f i c a t i o n of surfaces may be achieved 
using more r e a c t i v e gases. For example an oxygen plasma may 
be used t o increase the w e t t a b i l i t y o f a surface-^-^, while CF4 
plasmas can make a surface hydrophobic-^'*. Ammonia plasmas may 
be used t o i n c o r p o r a t e n i t r o g e n i n t o a surface-"-^. 

(d) Etching of polymeric m a t e r i a l s can be achieved by using 
oxygen or halocarbon plasmas under more severe c o n d i t i o n s , or 
f o r longer periods of time. This i s of p a r t i c u l a r use i n the 
removal of r e s i s t m a t e r i a l s i n the e l e c t r o n i c s i n d u s t r y ^ ^ . 

( i i i ) P olymerisation and Film Deposition 
(a) Plasma Polymerisation. Polymer formation occurs when almost 

any organic compound i s subjected t o a glow discharge^^. The 
polymer i s g e n e r a l l y d i f f e r e n t from any conventional polymer 
and forms as a t h i n f i l m on any surface i n contact w i t h the 
plasma. I t i s w i t h plasma p o l y m e r i s a t i o n t h a t most of the 
work i n t h i s t h e s i s i s concerned. 

(b) I n o r g a n i c m a t e r i a l s such as silicon-'-^ and metals-*-^ may be 
deposited as t h i n f i l m s from o r g a n o s i l i c o n or organometallic 
plasmas. This i s sometimes c a l l e d plasma induced chemical 
vapour d e p o s i t i o n , and i s of use p a r t i c u l a r l y i n the 
e l e c t r o n i c s i n d u s t r y . 

(c) A plasma may be used t o i n i t i a t e a conventional 
p o l y m e r i s a t i o n r e a c t i o n i n a s o l i d or l i q u i d monomer which i s 



e i t h e r i n contact w i t h the plasma or w i t h r e a c t i v e species 
generated by it^°. This i s known as plasma induced 
p o l y m e r i s a t i o n . 

1.1.2 Fundamental Aspects of Plasmas 
For a plasma t o e x h i b i t approximate e l e c t r i c a l n e u t r a l i t y 

the dimensions of the discharged gas must be greater than the 
Debye length"*- (Xp) which defines the distance over which a charge 
imbalance may e x i s t . This i s given i n equation 1.1. 

X„= (lap.) 1/2 1.1 

where EQ = the p e r m i t t i v i t y of f r e e space 
k = the Boltzmann constant 
Te = the e l e c t r o n temperature 
n = the e l e c t r o n density 

and e = the charge on the e l e c t r o n 

For a plasma t o i g n i t e an i n i t i a l i o n i s a t i o n event must 
occur, e i t h e r n a t u r a l l y from background r a d i a t i o n such as cosmic 
rays, or a r t i f i c i a l l y , e.g. from a spark generator, or through 
d i e l e c t r i c breakdown of the gas i f the applied e l e c t r i c f i e l d i s 
s u f f i c i e n t l y strong. Electrons produced from t h i s i o n i s a t i o n are 
a c c e l e r a t e d by the a p p l i e d e l e c t r i c f i e l d and c o l l i d e w i t h other 
molecules i n e i t h e r e l a s t i c or i n e l a s t i c c o l l i s i o n s . I n e l a s t i c 
c o l l i s i o n s by e l e c t r o n s w i t h high energies causes f u r t h e r 
i o n i s a t i o n and produces a chain r e a c t i o n which sustains the 
plasma. I f the energy of the e l e c t r o n i s too low t o cause 
i o n i s a t i o n o f the molecule, r o t a t i o n a l , v i b r a t i o n a l or e l e c t r o n i c 
e x c i t a t i o n may occur. The amount of energy e l e c t r o n s possess 
depends on t h e i r mean f r e e path^-^. I f the pressure of the gas i s 



t o o h i g h t h e mean f r e e path i s too low and e l e c t r o n s have not 
accumulated enough energy t o cause i o n i s a t i o n before a c o l l i s i o n . 
I f t h e pressure i s too low the mean f r e e path i s too long and gas 
c o l l i s i o n s are unimportant. This r e s u l t s i n a t y p i c a l working 
pressure range f o r plasma chemistry of 0.05-10 t o r r . 

The average v e l o c i t y (c) of an e l e c t r o n between c o l l i s i o n s 
i s g i v e n by equation 1.2^^ 

c = 1/4 1.2 

where M = the mass of the heavier p a r t i c l e 
e = the e l e c t r o n charge 
E = the e l e c t r i c f i e l d 
X = the mean f r e e path 

and m = the mass of the e l e c t r o n 

Expressions d e s c r i b i n g the e l e c t r o n energy d i s t r i b u t i o n i n 
terms o f energy i n p u t , discharge dimensions and gas pressure lead 
t o a Maxwellian d i s t r i b u t i o n ^ - ^ o f e l e c t r o n energies as shown i n 
f i g u r e 1.2. Such numerical s o l u t i o n s are only possible f o r simple 
systems, but e l e c t r o n energy d i s t r i b u t i o n s can be analysed 
d i r e c t l y by probe measurements^'* or by d i r e c t e l e c t r o n 
sampling^^. The average e l e c t r o n energies i n most plasmas are 
w e l l below the i o n i s a t i o n energies o f most molecules, which are 
g e n e r a l l y o f the order of about 10 eV. Since only a few electrons 
possess s u f f i c i e n t energy t o cause i o n i s a t i o n , the ion 
c o n c e n t r a t i o n i s low ( t y p i c a l l y 10"'* t o 10~^ cm"-̂ ) , w i t h n e u t r a l 
species predominating i n a non-equilibrium plasma. Much of the 
chemistry o f a plasma may t h e r e f o r e be connected not w i t h 
i o n i s a t i o n , but w i t h e x c i t a t i o n , which requires e l e c t r o n s of 
lower energy. T y p i c a l bond energies of organic compounds are i n 
the range o f 2-8 eV (see t a b l e 1.1). Since electrons i n a plasma 
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Figure 1.2 Maxwellian energy d i s t r i b u t i o n s of e l e c t r o n s i n an 
i n e r t gas 

Table 1.1 Some t y p i c a l bond energies f o r organic compounds (eV) 

C-H 
C-F 
C-C 

4.3 
4.4 
3.4 

C=0 
C-N 
C=C 

8.0 
2.9 
6.1 

may possess energies of up t o 20 eV or more, there i s s u f f i c i e n t 
energy i n a plasma t o break any chemical bond. 

D e - e x c i t a t i o n of various e x c i t e d species r e s u l t s i n the 
emission o f electromagnetic r a d i a t i o n a t wavelengths ranging from 
the microwave t o the vacuum u l t r a - v i o l e t region of the spectrum. 
The emission i n the v i s i b l e p a r t of the spectrum gives a plasma 
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i t s c h a r a c t e r i s t i c a l l y coloured glow. The most i n t e n s e emission 

i s o f t e n i n the UV/vacuum UV region^^, which may cause a d d i t i o n a l 

e x c i t a t i o n or i o n i s a t i o n i n the plasma or i n s u b s t r a t e s , such as 

polymers, i n c o n t a c t w i t h the plasma. 

The r e a c t i v e s p e c i e s i n a plasma r e s u l t i n g from i o n i s a t i o n , 

fragmentation and e x c i t a t i o n processes caused by e l e c t r o n impact 

(and to a l e s s e r e x t e n t photon absorption) i n c l u d e p o s i t i v e and 

n e g a t i v e io n s , n e u t r a l s p e c i e s , atoms, metastables and f r e e 

r a d i c a l s , i n ground or e x c i t e d s t a t e s . T h i s means t h a t the number 

of r e a c t i o n s t h a t may occur i s very l a r g e , even f o r a simple 

plasma such as oxygen-^ (see t a b l e 1.2). I n a plasma of an organic 

compound the v a r i e t y of r e a c t i o n s which may occur i s much greater 

s t i l l and may i n c l u d e e l i m i n a t i o n ^ ^ , i s o m e r i s a t i o n ^ ^ , 

d i m e r i s a t i o n ^ ^ and oligomerisation-^^ r e a c t i o n s , as w e l l as 

polymer formation on any s u r f a c e s i n c o n t a c t with the plasma. 

1.1.3 Plasma Techniques 

I n g e n e r a l t h e r e a r e t h r e e main areas i n which the 

c o n d i t i o n s of a glow dis c h a r g e can be v a r i e d ; the e l e c t r i c a l 

power source, the coupling mechanism of the e l e c t r i c a l power to 

the plasma, and what can l o o s e l y be termed the plasma 

environment. T h i s i s i l l u s t r a t e d s c h e m a t i c a l l y i n f i g u r e 1.3. 

The e l e c t r i c a l power supply may e i t h e r be D.C. or A.C. with 

A.C. f r e q u e n c i e s ranging from 50 Hz through RF frequencies (13.56 

MHz i s commonly used) up to microwave f r e q u e n c i e s . The e f f e c t of 

frequency on the d e p o s i t i o n r a t e of an ethane plasma has shown 

t h a t t h e r e a r e a number of d i f f e r e n t e f f e c t s r e l a t e d to the 



Table 1.2 Elementary R e a c t i o n s Occurring i n an Oxygen Plasma 
I loniration 

II Oi&sociativt ionization 

in Dissociative attachment 

IV Oissaiatioo 

V Metastoble fonnation 

VI Charge transfer 

1 e • 0, - o; • 2e 
2 e 0 — 0* • 2e 

3 e • o' • 0 • 

(, e 4 0, - 0" • 0 

5 e 0. — 0* . 0* • 

6 e • 0 , - 2 0 • e 

7 e * 0 . - 0 . { ' A , ) • 

8 0* * 0, — 0.' « 0 
9 o; • O — 0' • 0, 

10 o; 0. — o; • 0 

11 o; • 2 0 , - o ; • 0. 

12 0' • 0 , — o ; . 0 

13 0" 0, — o ; • 0 

U 0" f 20, — o ; • 0, 

15 o; 0 —' 0" • 0, 

16 o; * 0. — o ; ' 0 
17 0, • 0, — o ; • 0, 

16 o ; 20, — o ; . 0, 

19 0". • 0. — 0." • 0, 

20 o ; • 0 — o ; • 0, 

21 0." 0, — o ; • 20, 

VI l Detachment 22 0 ' 0 — 0 , • e 

23 0" • 0, — 0 • C 

2U 0* • O.('Ag) — 0, • e 

25 o; • 0 — 0 1 • • 
26 o; • 0. — 20, « e 

27 o; * 0, (Ag) — . 20. • e 

VIII Electron-ion recombination 0' 0 

26 0,* 20 
26 c • — » 20 

) 
o; 0 . 0, 

1 ° : 20, 

IX lon-ion recombination 

Atom recombinotion 

•0 0* 

I o; f ° 
29 / —'--̂  1 29 

j 0-. o; 1 0 

1 o; 

30 20 * 0. — 20. 

31 30 « 0 — 0. 

32 0 • 0, — 

33 0 * 0, — 20. 

34 0 - wall ViO. 
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E L E C T R I C A L POWER - COUPLING MECHANISM - PLASMA ENVIRONMENT 

DC 
AC 
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C U R R E N T 
P R E S S U R E 
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ELECTRIC AND MAGNETIC 

F IELDS 

F i g u r e 1.3 Elements of a glow discharge experiment 

frequency used-̂ -"- (see the i n t r o d u c t i o n to chapter 6 f o r a f u l l e r 

d e s c r i p t i o n ) . 

The c o u p l i n g mechanism may be e i t h e r d i r e c t ( r e s i s t i v e ) or 

i n d i r e c t . For d i r e c t coupling the e l e c t r o d e s are placed i n s i d e 

the plasma chamber, and the discharge i n i t i a t e d between them. 

I n d i r e c t coupling may be e i t h e r c a p a c i t i v e , i n which the 

e l e c t r o d e s a r e p l a c e d e x t e r n a l l y to the chamber, or i n d u c t i v e , i n 

which a copper c o i l i s wound around the outside of the chamber. 

D i r e c t c o u p l i n g produces the highest polymer d e p o s i t i o n r a t e s , 

but problems may be caused by polymer d e p o s i t i o n on the 

e l e c t r o d e s . I n d i r e c t coupling e l i m i n a t e s t h i s problem, but may 

only be used a t A.C. frequencies of g r e a t e r than 1 MHz^. 

Microwave plasmas may a l s o be e x c i t e d i n d u c t i v e l y u s i n g tuned 

c a v i t i e s . 

The o p e r a t i n g p r e s s u r e s f o r t y p i c a l plasmas vary from 0.05 

t o 10 t o r r f o r reasons s t a t e d e a r l i e r , although higher pressure 

plasmas can be s u s t a i n e d by using very high powers. Powers used 
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may v a r y from 0.1 watts up to a few k i l o w a t t s , but are normally 

i n the range of 1-150 watts. With powers of l e s s than a watt 

plasmas may be d i f f i c u l t to s u s t a i n , but a low average power 

l e v e l can be achieved by using pulsed RF power. I f the power 

l e v e l i s v e r y high, or i f the power i s concentrated i n t o a small 

volume, the gas temperature may become very high and some form of 

c o o l i n g system may be necessary. Cooling i s often necessary f o r 

the e l e c t r o d e s i n D.C. d i s c h a r g e s and f o r microwave c a v i t i e s . 

E l e c t r i c a l or magnetic f i e l d s are sometimes appl i e d to 

p e r t u r b a plasma ( p o s s i b l e because of the presence of charged 

s p e c i e s ) . T h i s may be used f o r example to i n v e s t i g a t e the r o l e 

p l a y ed by ions i n plasma p o l y m e r i s a t i o n by comparing the polymer 

formation on a b i a s e d e l e c t r o d e with t h a t on a f l o a t i n g 

substrate-^^. 

1.1.4 Plasma Diacrnostics 

There a r e a number of techniques a v a i l a b l e which can be used 

to o b t a i n d i r e c t information concerning s p e c i e s present i n a 

plasma. As mentioned p r e v i o u s l y , probe methods can be used to 

o b t a i n e l e c t r o n energy d i s t r i b u t i o n s ^ ^ . T h i s i s an i n t r u s i v e 

technique, s i n c e the probe i s i n s e r t e d d i r e c t l y i n t o the plasma, 

and so might perturb i t . 

O p t i c a l emission spectrophotometry (OES) i s an example of a 

technique which i s n o n - i n t r u s i v e and so does not a f f e c t the 

plasma"^"^. The i n f r a - r e d , v i s i b l e and u l t r a - v i o l e t r a d i a t i o n 

emitted by a plasma i s c h a r a c t e r i s t i c of i n d i v i d u a l s p e c i e s 

w i t h i n the plasma, and can be used to i d e n t i f y the presence of 
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those p a r t i c u l a r species-^*. While t h i s i s u s e f u l i n showing the 

presence of some s p e c i e s i t cannot give a complete p i c t u r e of the 

composition of a plasma, s i n c e only exciteci s t a t e s which r e l a x by 

photon emission can be monitored. Also, i t i s only semi-

( j u a n t i t a t i v e s i n c e the i n t e n s i t y of emission from a s p e c i e s i s 

not d i r e c t l y p r o p o r t i o n a l to i t s concentration. T h i s a r i s e s from 

problems i n determining p r o b a b i l i t i e s f o r e x c i t a t i o n and emission 

under a p a r t i c u l a r mode of e x c i t a t i o n f o r the s p e c i e s under 

examination. 

L a s e r induced f l u o r e s c e n c e ( L I F ) can be used to examine the 

ground s t a t e s of some s p e c i e s , p a r t i c u l a r l y f o r r a d i c a l s and ions 

of s m a l l s p e c i e s , such as the C F 2 r a d i c a l " ^ ^ . L I F , l i k e OES, has 

i t s l i m i t a t i o n s s i n c e the s p e c i e s to be detected must f l u o r e s c e 

w i t h a reasonable cjuantum e f f i c i e n c y . T h i s i s often not the case 

w i t h l a r g e r polyatomic molecules which can r e t u r n to t h e i r ground 

s t a t e n o n - r a d i a t i v e l y , or d i s s o c i a t e from the e x c i t e d s t a t e . 

I n f r a - r e d absorption has been used to monitor s p e c i e s i n a 

plasma-^^. T h i s can be used to monitor a wider range of spec i e s 

than OES but i s l e s s s e n s i t i v e , r e q u i r i n g e i t h e r a high 

c o n c e n t r a t i o n of absorbing s p e c i e s or a long o p t i c a l path length. 

Mass spectrometry can be used to examine both i o n i c and 

n e u t r a l s p e c i e s i n a plasma-^^'-^^, through a small hole connecting 

the plasma chamber to a mass spectrometer. T h i s i s an i n t r u s i v e 

technicjue, but can monitor a l l s p e c i e s present i n a plasma with 

s u f f i c i e n t l i f e t i m e to reach the detector. More information about 

t h i s technique can be found i n chapter 3. 
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1.2 PLASMA POLYMERISATION 

Plasma polymer formation occurs when organic vapour i s 

i n j e c t e d i n t o an i n e r t gas plasma, or when a plasma i s i g n i t e d i n 

an o r g a n i c vapour, u s u a l l y t a k i n g the form of a t h i n f i l m 

d e p o s i t e d on a l l s u r f a c e s i n contact with the plasma. Polymer 

formation i n a glow d i s c h a r g e has been known f o r many years , 

although the f i r s t polymers were thought of as unwanted by

products of the di s c h a r g e experiment^°. Conventional monomers 

such as v i n y l compounds may be used f o r plasma polymerisation, 

but no such p o l y m e r i s a b l e s t r u c t u r e i s necessary and almost a l l 

o r g a n i c compounds can give r i s e to polymer formation. Unlike a 

co n v e n t i o n a l polymer, a plasma polymer c o n t a i n s no r e g u l a r repeat 

u n i t , but c o n s i s t s of a random, h i g h l y c r o s s - l i n k e d organic 

network c o n t a i n i n g a l a r g e number of trapped f r e e r a d i c a l s . The 

polymer f i l m i s of t e n s t r o n g l y adherent to the s u r f a c e on which 

i t i s deposited, but i t s h i g h l y c r o s s - l i n k e d nature makes i t very 

r i g i d , which causes i t to become b r i t t l e and f l a k e o f f i f the 

f i l m t h i c k n e s s i s too g r e a t . The high degree of c r o s s - l i n k i n g 

a l s o c a u s e s plasma polymers to be i n s o l u b l e i n most or a l l 

s o l v e n t s . The number of r a d i c a l s i n a plasma polymer i s dependent 

on the degree of u n s a t u r a t i o n of the monomer used, as highly 

u n s a t u r a t e d monomers such as ace t y l e n e and aromatic s p e c i e s tend 

to p o l y m e r i s e through d i f u n c t i o n a l r e a c t i v e intermediates, while 

s a t u r a t e d monomers g e n e r a l l y polymerise through monofunctional 

s p e c i e s which g i v e r i s e to fewer r a d i c a l s i n a plasma polymer. 

These two mechanisms are represented as c y c l e s 2 and 1 

r e s p e c t i v e l y i n the r a p i d s t e p growth mechanism proposed by 

Yasuda f o r plasma polymerisation-*-^ ( f i g u r e 1.4). The a c t i v a t e d 
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Cycle I 

Mj« + M 

M.-M, 

Crot*-cycl« reaction 

•Mk-M 1 

•Mk-M,' — 

Cycle II 

F i g u r e 1.4 Proposed r a p i d step growth mechanism f o r plasma 
p o l y m e r i s a t i o n 

s p e c i e s may be e i t h e r r a d i c a l s or ions or both. 

The f i n a l product of plasma p o l y m e r i s a t i o n i s determined by 

an e q u i l i b r i u m between the competing processes of polymerisation 

and ablation'^-'-, i l l u s t r a t e d s c h e m a t i c a l l y i n f i g u r e 1.5. Ablation 

i s p a r t i c u l a r l y important i n fluorocarbon plasmas, due to the 

r e a c t i v e nature of f l u o r i n e s p e c i e s . I n the extreme case, the 

f l u o r i n e content of a CF^ plasma i s s u f f i c i e n t f o r the r a t e of 

a b l a t i o n t o exceed t h a t of polymerisation, and no f i l m i s 

formed'*^. The a d d i t i o n of hydrogen to a CF^ plasma can however be 

s u f f i c i e n t t o a l t e r the e q u i l i b r i u m i n favour of polymerisation, 

and produce a plasma polymer^^. 

Polymer formation i s very dependent on the plasma conditions 

used, p a r t i c u l a r l y on the power (W) and monomer flow r a t e (F) . 

For a gi v e n monomer the polymer d e p o s i t i o n r a t e i s observed to 

va r y w i t h the parameter W/F as shown i n f i g u r e 1.6^-^. When the 

W/F r a t i o i s low t h e r e i s i n s u f f i c i e n t power to cause the monomer 
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t o polymerise to a g r e a t extent, so the d e p o s i t i o n r a t e i s low 

and the polymer i s of low molecular weight and o i l y . As the W/F 

r a t i o i s i n c r e a s e d the d e p o s i t i o n r a t e i n c r e a s e s and polymer 

f i l m s a r e formed, but when the r a t i o i s very high t h e r e i s 

a monomer d e f i c i e n c y , and so the p o l y m e r i s a t i o n r a t e can no 

longer keep pace with the i n c r e a s i n g a b l a t i o n r a t e . The product 

i n t h i s c a s e i s often a powder as the polymer formation may take 

p l a c e r a p i d l y i n the gas phase. The chemical nature of the 

polymer a l s o depends on W/F, as an i n c r e a s i n g amount of power 

a v a i l a b l e per u n i t monomer i s l i k e l y to cause an i n c r e a s i n g 

d i s r u p t i o n of the monomer s t r u c t u r e . The d e p o s i t i o n r a t e s of 

d i f f e r e n t monomers of s i m i l a r chemical composition can be 

r e l a t e d i n a s i m i l a r way using the composite parameter W/FM, 

where M i s the molecular mass of the monomer. 

The nature and d i s t r i b u t i o n of the polymer a l s o depends on 

the g e o m e t r i c a l s i z e and shape of the plasma reactor'^^. For t h i s 

reason any comparisons between plasma polymers are d i f f i c u l t to 

make u n l e s s the same or i d e n t i c a l apparatus i s used. The nature 

of a polymer deposited i n d i f f e r e n t regions of the same r e a c t o r 

may a l s o v ary^^, so to compare d i f f e r e n t plasma polymers samples 

must always be taken from the same p o s i t i o n i n the r e a c t o r . 

Plasma p o l y m e r i s a t i o n r e p r e s e n t s a simple, one-step method 

f o r d e p o s i t i n g t h i n polymeric f i l m s . T h i s l e a d s to p o t e n t i a l 

a p p l i c a t i o n s as r e s i s t m a t e r i a l s ^ ^ i n the e l e c t r o n i c s industry. 

The i n e r t n e s s and i n s u l a t i n g q u a l i t i e s of plasma polymers makes 

them u s e f u l as p r o t e c t i v e coatings (e.g. f o r e l e c t r o n i c devices'*^ 

and KBr o p t i c a l windows'*^, i n s u l a t i n g films'^^, and t h i n f i l m 

c a p a c i t o r s ^ ^ . The good adhesion of plasma polymers to s u b s t r a t e s 
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enables them to be used i n improving the adhesion q u a l i t i e s of 

other m a t e r i a l s (e.g. platinum and t e f l o n or s t e e l and polythene) 

t h a t do not normally adhere to each other, by coating both 

s u r f a c e s w i t h a plasma polymer^^. Other p r o p e r t i e s can be 

i n f e r r e d by us i n g s p e c i f i c monomers. For example plasma polymers 

of fluorocarbons can be used to produce very hydrophobic, low 

f r i c t i o n c o a t i n g s ^ ^ , while those of other compounds such as N-

v i n y l p y r r o l i d o n e can produce very h y d r o p h i l i c f i l m s , and have 

been used f o r example i n improving the comfort of contact 

lenses^-^. Nitrogen and s i l i c o n c o n t a i n i n g plasma polymers have 

been considered as semi-permeable membranes^'*, and organotin 

plasma polymers have been proposed as gas sensor d e v i c e s ^ ^ . There 

a r e a l s o a number of p o s s i b l e biomedical a p p l i c a t i o n s ^ ^ , 

e s p e c i a l l y f o r s i l i c o n and f l u o r i n e c o n t a i n i n g plasma polymers. 

These i n c l u d e the providing of a more biocompatable su r f a c e for 

implants i n t o the body, the forming of a b a r r i e r f i l m to prevent 

the d i f f u s i o n of sm a l l molecules to a s u b s t r a t e or to control the 

r a t e of drug r e l e a s e , and the forming of a s u r f a c e s u i t a b l e for 

i m m o b i l i s i n g biomolecules or other chemical compounds. 

There are a number of problems a s s o c i a t e d with some 

a p p l i c a t i o n s of plasma polymers. One i s the f a c t t h a t many plasma 

polymers experience ageing as atmospheric oxygen r e a c t s with fre e 

r a d i c a l s i n the s u r f a c e , causing changes i n the s u r f a c e 

p r o p e r t i e s . A second problem i s t h a t the mechanisms of plasma 

p o l y m e r i s a t i o n and the i n f l u e n c e of v a r i o u s f a c t o r s such as 

power, flow r a t e and r e a c t o r design are not f u l l y understood, so 

i t i s not always p o s s i b l e to p r e d i c t the nature of a plasma 
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polymer and to prepare polymers with s p e c i f i c p r o p e r t i e s . A t h i r d 

problem i s t h a t the process i s d i f f i c u l t and expensive to do on a 

l a r g e i n d u s t r i a l s c a l e , so plasma p o l y m e r i s a t i o n i s more 

a p p l i c a b l e t o s m a l l e r , high value a p p l i c a t i o n s . 

1.3 SURFACE PHOTOPOLYMERISATION 

1.3.1 I n t r o d u c t i o n to s u r f a c e photopolymers 

Photochemistry using u l t r a v i o l e t l i g h t i s a commonly used 

technique i n s y n t h e t i c organic and in o r g a n i c chemistry. The 

e n e r g i e s a v a i l a b l e i n a photochemical r e a c t i o n are higher than 

those f o r thermal r e a c t i o n s , thus enabling new r e a c t i o n pathways 

to be e x p l o i t e d , although photochemical energies are lower than 

those a v a i l a b l e i n a plasma. Molecules absorbing UV r a d i a t i o n are 

e x c i t e d t o an e l e c t r o n i c a l l y e x c i t e d s t a t e , which may decay v i a 

chemical r e a c t i o n , often i n v o l v i n g f r e e r a d i c a l s . 

Photochemistry i s fr e q u e n t l y used to i n i t i a t e polymerisation 

r e a c t i o n s i n the s o l i d or l i q u i d phase, by c r e a t i n g f r e e r a d i c a l s 

on which polymer c h a i n s can grow. T h i s can be achieved e i t h e r 

d i r e c t l y or through the use of p h o t o - i n i t i a t o r s . E a r l y 

i n v e s t i g a t i o n s i n t o low pre s s u r e gas phase photopolymerisation 

were c a r r i e d out by M e l v i l l e ^ ^ on methyl methacrylate and by 

Gee^^ on butadiene. During the 1960's a number of s t u d i e s showed 

t h a t t h i n s u r f a c e f i l m s could be formed from the vapour phase by 

photochemical means f o r a v a r i e t y of monomers i n c l u d i n g 

butadiene^^, styrene^*^, d i v i n y l benzene^-^, acrolein^-'-, 

t e t r a f l u o r o e t h y l e n e ^ ^ and a c r y l o n i t r i l e ^ ^ . These monomers a l l 

p o s s e s s double bonds which might be expected to lead to polymer 
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formation, but i t was found t h a t some other compounds such as 

benzene^-', cyclohexanol, phenol and other aromatic compounds^^ 

can a l s o s u r f a c e photopolymerise. I n the case of benzene no 

polymer i s formed u s i n g wavelengths of g r e a t e r than 200 nm, which 

can only a c c e s s the f i r s t s i n g l e t e x c i t e d s t a t e , but sur f a c e 

photopolymerisation occurs a t lower wavelengths (vacuum UV 

r a d i a t i o n ) where higher e x c i t e d s t a t e s can be accessed. 

Organnometallic and i n o r g a n i c compounds (e.g. d i e t h y l z i n c ^ ^ and 

tungsten h e x a f l u o r i d e ^ ^ ) may a l s o be used to deposit m e t a l l i c 

f i l m s i n a process known as photochemical vapour deposition, i n a 

manner s i m i l a r t o plasma induced chemical vapour deposition. 

U n l i k e plasma p o l y m e r i s a t i o n though, not a l l organic 

compounds can form s u r f a c e photopolymers. One reason for t h i s i s 

the requirement f o r a monomer to possess an e x c i t e d s t a t e of 

s u i t a b l e energy to absorb the UV r a d i a t i o n . S u i t a b l e e x c i t e d 

s t a t e s occur i n alkenes, aromatics and c a r b o y l compounds, but not 

i n many s a t u r a t e d compounds, which can t h e r e f o r e not undergo 

photochemical r e a c t i o n . Also, many compounds t h a t do have vapour 

phase photo c h e m i s t r i e s do not polymerise, but undergo v a r i o u s 

i s o m e r i s a t i o n , decomposition or c y c l o a d d i t i o n r e a c t i o n s i n s t e a d . 

S u r f a c e photopolymers form as t h i n f i l m s on any surface 

exposed t o UV r a d i a t i o n of the appropriate wavelength, and i n 

c o n t a c t w i t h the monomer vapour. Patterned d e p o s i t i o n can be 

achieved by p u t t i n g a mask over p a r t of the s u b s t r a t e to s h i e l d 

i t from the UV l i g h t ^ ^ , although i n some c a s e s polymerising 

s p e c i e s form i n the gas phase with long enough l i f e t i m e s to 

d e p o s i t i n the dark a r e a s ^ ^ . I n some c a s e s the polymer i s 

20 



e s s e n t i a l l y the same as one produced by conventional means (e.g. 

methyl methacrylate - see chapter 4 ) , but i t i s more common fo r 

t h e r e to be s t r u c t u r a l d i f f e r e n c e s from the monomer or from the 

conventional polymer ( i f one e x i s t s ) . An example of t h i s i s the 

presence of C F 3 groups i n a s u r f a c e photopolymer of 

t e t r a f l u o r o e t h y l e n e ^ ^ . L i k e plasma polymers, s u r f a c e 

photopolymers tend to be c r o s s - l i n k e d and adhere s t r o n g l y to the 

s u b s t r a t e . 

The s i m i l a r i t y between the s u r f a c e photopolymers and plasma 

polymers of N-vinyl p y r r o l i d i n o n e ^ ^ , perfluorobenzene and 

benzene/perfluorobenzene copolymers'^, shown by XPS a n a l y s i s and 

c o n t a c t angle measurements, was noted by Munro and T i l l and i t 

was suggested t h a t the polymers formed by these two processes 

were e s s e n t i a l l y the same m a t e r i a l s . I t was t h e r e f o r e proposed 

t h a t l i k e s u r f a c e photopolymerisation, plasma pol y m e r i s a t i o n must 

proceed p r i m a r i l y through e x c i t e d s t a t e chemistry and t h a t 

s u r f a c e photopolymerisation could be used as a s i m p l i f i e d model 

f o r plasma p o l y m e r i s a t i o n . T h i s concept i s f u r t h e r explored i n 

t h i s t h e s i s . 

A p p l i c a t i o n s f o r s u r f a c e photopolymers have been l e s s w e l l 

explored than f o r plasma polymers, but the s i m i l a r i t y between the 

two means t h a t the p o s s i b l e a p p l i c a t i o n s are much the same. 

S u r f a c e photopolymers have been considered f o r use as 

capacitors'•'• and p o s i t i v e and negative r e s i s t s ^ ' . Surface 

photopolymerisation has a l s o been examined as a method f o r 

d e p o s i t i n g a f i l m of m a t e r i a l with anti-blood c l o t t i n g 

behaviour'^, a property t h a t may a l s o be possessed by some plasma 

polymers'-^. 
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1.3.2. L i g h t Sources 

The most common type of l i g h t source used f o r photochemical 

work i s the resonance a r c lamp, i n which a low p r e s s u r e gas or 

vapour i s e x c i t e d i n an e l e c t r i c d ischarge producing v i s i b l e and 

u l t r a - v i o l e t l i g h t . The l i g h t i s emitted as a s e r i e s of resonance 

l i n e s of p a r t i c u l a r wavelengths, and although f o r most gases many 

such resonances e x i s t i t i s common fo r j u s t one or two l i n e s to 

dominate the emission spectrum. 

Photochemistry a t wavelengths above 200 nm i s u s u a l l y 

c a r r i e d out using a medium p r e s s u r e mercury a r c lamp. The most 

i n t e n s e emission l i n e from t h i s type of lamp occurs a t 254 nm, 

although t h e r e i s a l s o s i g n i f i c a n t UV emission a t 297 and 365 nm 

as w e l l as some i n the v i s i b l e and i n f r a - r e d regions. 

The region below 2 00 nm i s known as the vacuum u l t r a v i o l e t , 

s i n c e r a d i a t i o n of these wavelengths i s s t r o n g l y absorbed by 

oxygen i n the a i r . Mercury a r c lamps may a l s o be used for vacuum 

u l t r a v i o l e t work, s i n c e they possess a s i g n i f i c a n t resonance 

l i n e a t 185 nm ( e s p e c i a l l y i f a low pr e s s u r e mercury a r c lamp i s 

us e d ) , but there a r e a l s o a number of other gases which can be 

used to g i v e resonance l i n e s a t other wavelengths. Some of these 

ar e l i s t e d on t a b l e 1.3^'*. The gases used are sometimes d i l u t e d 

by helium i n order to i n c r e a s e the i n t e n s i t y of the resonance 

l i n e s ^ ' * ^ by reducing s e l f absorption and i n c r e a s i n g the p h y s i c a l 

s i z e of the discharge, although under some c o n d i t i o n s t h i s may 

have the opposite e f f e c t ^ ^ . 
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Table 1.3 Resonance L i n e Sources f o r Photochemical Work i n the 
Vacuum UV Region 

Gas 

Mercury 

Nitrogen 

Xenon 

C h l o r i n e 

Oxygen 

P r i n c i p a l 
Emission (nm) 

185 

174 

149 

147 

139 

130 

Gas 

Krypton 

Hydrogen 

Argon 

Neon 

Helium 

P r i n c i p a l 
Emission (nm) 

124 

116 

121 

105, 107 

74 

58 

The lamps d e s c r i b e d above g e n e r a l l y use gas p r e s s u r e s of the 

order of about 1 t o r r . I f higher p r e s s u r e s (e.g. 200 t o r r ) are 

used the resonance l i n e s broaden and form a continuous emission 

which can be used as a l i g h t source over a range of a few tens of 

nanometres, although the i n t e n s i t y a t any one wavelength i s much 

l e s s than f o r a resonance l i n e from a low pr e s s u r e lamp. Continua 

f o r the r a r e gases are shown i n t a b l e 1.4^^. 

Table 1.4 Rare Gas Continua 

Gas 

Helium 

Neon 

Argon 

Krypton 

Xenon 

U s e f u l Range ( A ) 

580-1100 

740-1000 

1050-1550 

1250-1800 

1480-2000 

Optimum Pressure ( t o r r ) 

40-55 

>60 

150-250 

>200 

>200 
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The c h o i c e of window m a t e r i a l f o r a photochemical experiment 

i s a l s o v e r y important. Pyrex cuts out wavelengths below about 

290 nm and so i s u n s u i t a b l e f o r most photochemical work. S u i t a b l e 

window m a t e r i a l s f o r use i n the conventional and vacuum u l t r a 

v i o l e t a r e l i s t e d on t a b l e 1.5^^. 

Table 1.5 Window M a t e r i a l s f o r Photochemical Work 

M a t e r i a l Cut-off Wavelength (nm) 

Pyrex 290 

Quartz 180 

Fused S i l i c a * 160 

Calcium F l u o r i d e 122 

Magnesium F l u o r i d e 115 

Lithium F l u o r i d e 105 

*Known commercially as S u p r a s i l or S p e c t r o s i l B 

Quartz i s most commonly used f o r experiments i n the 

c o n v e n t i o n a l u l t r a - v i o l e t s i n c e i t i s tr a n s p a r e n t above 200 nm, 

s t r o n g and r e l a t i v e l y cheap. Vacuum UV experiments a t 185 nm 

g e n e r a l l y r e q u i r e s u p r a s i l windows, while lower wavelengths 

r e q u i r e c a l c i u m , magnesium or l i t h i u m f l u o r i d e . Lithium f l u o r i d e 

has the lowest c u t - o f f wavelength but i t i s water s o l u b l e and 

degrades e a s i l y . A l l of the window m a t e r i a l s g e n e r a l l y show poor 

t r a n s m i s s i o n c h a r a c t e r i s t i c s for about 10-20 nm above the cut off 

p o i n t . For p h o t o l y s i s below about 105 nm ( i . e . helium, neon and 

p o s s i b l y argon r a d i a t i o n ) a windowless discharge^^ must be used. 
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The added d i f f i c u l t y of t h i s experiment means t h a t 

photopolymerisation experiments have not been c a r r i e d out below 

t h i s wavelength. The i o n i s a t i o n e n e r g i e s of most organic 

molecules a r e of the order of about 10 eV, which corresponds to 

about 120 nm, so i f the r e a c t i o n i s to be r e s t r i c t e d to e x c i t e d 

s t a t e c hemistry a calcium f l u o r i d e or s u p r a s i l window must be 

used f o r vacuum u l t r a v i o l e t work. 

An a l t e r n a t i v e l i g h t source which has become a v a i l a b l e i n 

r e c e n t y e a r s i s the UV l a s e r . L a s e r s a r e f a i r l y commonly used i n 

the photodeposition of metals^^, but l e s s i n t e r e s t has been shown 

i n the formation of s u r f a c e photopolymers. An argon ion l a s e r of 

257.2 nm was however used by Tsao and E r l i c h ^ ^ to form a surface 

photopolymer of methyl methacrylate. Advantages of using a l a s e r 

as a l i g h t source in c l u d e the f a c t t h a t i t i s monochromatic, 

en a b l i n g the e f f e c t of wavelength t o be st u d i e d , and that i t can 

be focused onto a small area of the s u b s t r a t e to produce 

p a t t e r n e d d e p o s i t i o n . I t i s a l s o p o s s i b l e to get very high 

i n t e n s i t y UV r a d i a t i o n , although t h i s i s not always an advantage 

s i n c e i t may cause polymer to be a b l a t e d . 

Polymers can a l s o be produced from the gas phase using 

multi-photon absorption from i n f r a - r e d lasers®-^. Very high 

i n t e n s i t y i n f r a - r e d l i g h t causes molecules to absorb many photons 

of l i g h t which g i v e s them ener g i e s comparable to those obtainable 

u s i n g UV i r r a d i a t i o n . A disadvantage of t h i s technique however, 

i s t h a t the energy a v a i l a b l e to each molecule cannot be 

a c c u r a t e l y determined. 
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1.4 ANALYTICAL TECHNIQUES FOR PLASMA POLYMERS AND SURFACE 
PHOTOPOLYMERS 

1.4.1 I n t r o d u c t i o n 

The techniques used to study plasma polymers and s u r f a c e 

photopolymers can be di v i d e d i n t o two groups: those used to study 

the bulk p r o p e r t i e s , and those used to c h a r a c t e r i s e the s u r f a c e 

of the f i l m . The most important of these methods of a n a l y s i s are 

l i s t e d on t a b l e 1.6. 

Table 1.6 A n a l y t i c a l techniques used to study plasma polymers 
and s u r f a c e photopolymers 

A. Bulk P r o p e r t i e s 

Elemental A n a l y s i s 

E l e c t r o n Spin Resonance (ESR) 

S o l i d S t a t e NMR 

Infr a - R e d Spectroscopy 

D i f f e r e n t i a l Scanning Calorimetry 

P y r o l y s i s Gas Chromatography 

B. Surf a c e P r o p e r t i e s 

Contact Angle Measurement 

Microscopic S t u d i e s 

R e f l e c t a n c e Infra-Red 

X-Ray Photoelectron Spectroscopy (XPS) 

Secondary Ion Mass Spectroscopy (SIMS) 

Many of the bulk a n a l y t i c a l techniques are d i f f i c u l t to 

apply t o a polymer deposited as a t h i n f i l m , s i n c e the amount of 
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polymer i s v e r y s m a l l compared with the amount of s u b s t r a t e . I n 

the case of plasma polymers de p o s i t i o n can be extended for a long 

p e r i o d of time, a l l o w i n g s u f f i c i e n t polymer to be c o l l e c t e d ( i t 

f l a k e s o f f the w a l l s of the r e a c t o r when the f i l m i s very t h i c k ) , 

f o r bulk a n a l y s i s . Surface photopolymers g e n e r a l l y deposit much 

more s l o w l y , so i t i s g e n e r a l l y not p o s s i b l e to c o l l e c t 

s u f f i c i e n t f o r bulk a n a l y s i s . Transmission i n f r a - r e d a n a l y s i s can 

be achieved f o r a t h i n f i l m by d e p o s i t i n g i t on a KBr window. 

Su r f a c e a n a l y s i s i s g e n e r a l l y e a s i e r to apply to plasma 

polymers and s u r f a c e photopolyroers, but i t can not n e c e s s a r i l y be 

assumed t h a t the s u r f a c e p r o p e r t i e s are the same as those of the 

bulk. I n f a c t the i n i t i a l s u r f a c e c h a r a c t e r i s t i c s of plasma 

polymers a r e g e n e r a l l y considered to be much the same as those of 

the bulk, but a f t e r the polymer has been exposed to a i r s u r f a c e 

o x i d a t i o n occurs, producing a s u r f a c e with a higher oxygen 

content than the bulk of the polymer. However s i n c e plasma and 

s u r f a c e photopolymers are u s u a l l y prepared f o r t h e i r s u r f a c e 

p r o p e r t i e s , a n a l y s i s of the s u r f a c e i s often more a p p l i c a b l e than 

t h a t of the bulk p r o p e r t i e s . 

1.4.2 Bulk A n a l y s i s 

a) Elemental A n a l y s i s 

The composition of plasma polymers as determined by 

elemental a n a l y s i s g e n e r a l l y shows a d e f i c i e n c y of most elements 

i n the polymer with r e s p e c t to carbon, compared with the 

elemental r a t i o s f o r the monomer^^' , with halogens being 

p a r t i c u l a r l y v u l n e r a b l e to elimination^-^. The high carbon content 

i s evidence of the h i g h l y c r o s s - l i n k e d nature of plasma polymers. 
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A s m a l l amount of oxygen contamination i s u s u a l l y observed, 

e i t h e r from contamination or from r e a c t i o n with atmospheric 

oxygen. 

b) E l e c t r o n Spin Resonance (ESR) 

ESR d e t e c t s the presence of unpaired e l e c t r o n s i n a sample, 

and so can be used to examine the trapped f r e e r a d i c a l s i n a 

plasma polymer^'*. I t has been found t h a t the highes t 

c o n c e n t r a t i o n s of f r e e r a d i c a l s occur i n plasma polymers of 

h i g h l y unsaturated s t a r t i n g m a t e r i a l s , while those from saturated 

monomers c o n t a i n comparatively few f r e e r a d i c a l s . The f a c t t h at 

f i l m s w i t h high f r e e r a d i c a l contents o x i d i s e the most qu i c k l y 

shows t h a t f r e e r a d i c a l s are r e s p o n s i b l e f o r t h i s oxidation. 

c l S o l i d S t a t e NMR 

The h i g h l y i n s o l u b l e nature of plasma polymers means t h a t 

NMR a n a l y s i s cannot be c a r r i e d out i n the s o l u t i o n s t a t e . S o l i d 

s t a t e NMR i s p o s s i b l e however i f s u f f i c i e n t polymer i s produced, 

but even w i t h magic angle spinning and c r o s s p o l a r i s a t i o n 

t e c h n i q u e s employed the peaks are g e n e r a l l y very broad. The main 

rea s o n f o r t h i s i s t h a t plasma polymers tend t o contain a l a r g e 

number of s i m i l a r but n o n - i d e n t i c a l chemical environments. -̂̂ C 

NMR a n a l y s i s has been c a r r i e d out on the plasma polymers of 

ethane, ethylene and ac e t y l e n e plasma polymers, and showed the 

presence of ^CHj, CH, CHj, CH3 and quaternary carbon groups i n 

v a r y i n g c o n c e n t r a t i o n s ^ ^ . I f plasma polymers are prepared from 

•'•-̂C i s o t o p i c a l l y l a b e l l e d m a t e r i a l s , s o l i d s t a t e •'••̂C NMR can 

idil.«-̂ «-̂ 3 which chemical environments i n the polymer correspond to 
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which carbon atoms i n the monomer. T h i s has been used to show 

t h a t i n the plasma p o l y m e r i s a t i o n of toluene some methyl 

carbon atoms become unsaturated, while some r i n g carbon atoms 

become s a t u r a t e d ^ ^ . 

d) D i f f e r e n t i a l Scanning Calorimetrv 

T h i s has been used t o show t h a t plasma polymers have no 

phase t r a n s i t i o n p oint where decomposition s t a r t s to occur, but 

t h a t t h e r e i s a very gradual decomposition of the polymer with 

i n c r e a s i n g temperature^^. T h i s r e f l e c t s the good thermal 

s t a b i l i t y of plasma polymers and has been taken as evidence f o r 

the c r o s s - l i n k e d nature of the plasma polymer. S i m i l a r r e s u l t s 

have a l s o been obtained f o r a s u r f a c e photopolymer of 

butadiene^^. 

e l P v r o l y s i s Gas Chromatography 

P y r o l y s i s gas chromatography has been used to i n v e s t i g a t e 

the s t r u c t u r e of a number of hydrocarbon plasma polymers^^. A l l 

were found to be h i g h l y branched and c r o s s - l i n k e d , p a r t i a l l y 

u n s a t u r a t e d and to contain s h o r t a l k y l c h a ins and aromatic rings, 

The degree of branching and c r o s s - l i n k i n g was found to be 

c o n s i d e r a b l y higher i n powders formed from very high power 

plasmas. P y r o l y s i s GC mass spectroscopy has been used to show a 

s i m i l a r s t r u c t u r e f o r a toluene plasma polymer^^, and i n 

c o n j u n c t i o n with i s o t o p i c l a b e l l i n g gave evidence f o r p a r t i a l l y 

carbon atom scrambling between the methyl and r i n g carbons. The 

advantage of u s i n g GC mass spectroscopy i s t h a t each peak i n the 

gas chromatogram can be f i r m l y i d e n t i f i e d w hile the gas 

chromatography i s t a k i n g p l a c e . 
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f l I n f r a - R e d Spectroscopy 

I n f r a - r e d may be used f o r e i t h e r a bulk or s u r f a c e a n a l y s i s 

depending on whether t r a n s m i s s i o n or r e f l e c t a n c e i n f r a - r e d i s 

used, although even r e f l e c t a n c e i n f r a - r e d a n alyses a sample to a 

g r e a t e r depth than other s u r f a c e techniques such as XPS or SIMS. 

I n f r a - r e d i s a commonly used method fo r a n a l y s i n g plasma 

polymers, and has been by f a r the most common technique a p p l i e d 

t o s u r f a c e photopolymers. T h i s i s because most of the past work 

on s u r f a c e photopolymerisation was c a r r i e d out i n the 1960's and 

e a r l y 1970's when other forms of s u r f a c e a n a l y s i s were not 

a v a i l a b l e . 

The i n f r a - r e d s p e c t r a of plasma and s u r f a c e photopolymers 

o f t e n have much i n common with the spectrum of the monomer or the 

c o n v e n t i o n a l polymer, but sharp peaks become broader and l e s s 

w e l l d e f i n e d . T h i s i s due to the l a r g e v a r i e t y of s i m i l a r 

c h e m i c a l environments and high degree of c r o s s - l i n k i n g i n these 

polymers. The e f f e c t i s p a r t i c u l a r l y pronounced i n plasma 

polymers produced a t very high power. Figure 1.7 shows the i n f r a 

red s p e c t r a of plasma polymers of N-vinyl p y r r o l i d i n o n e 

(NVP) prepared u s i n g high and low power plasmas, i n comparison 

w i t h the spectrum of the monomer^*^. The broadening can be c l e a r l y 

seen i n the s p e c t r a of the plasma polymers, e s p e c i a l l y f o r the 

one prepared u s i n g a power of 50 watts. I n f r a - r e d a n a l y s i s can 

a l s o d e t e c t the presence of new f u n c t i o n a l groups not present i n 

the monomer, observed as new peaks i n the spectrum. An example of 

t h i s can be seen i n the 50 watt plasma polymer of NVP, i n which a 

peak t h a t i s not p r e s e n t i n the spectrum of the monomer i s 

observed a t about 2200 cm"-̂ . T h i s could correspond to C=N, C=C or 
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F i g u r e 1.7 I n f r a - r e d s p e c t r a of NVP plasma polymerised a t 8 and 
50 watts compared with the spectrum of the monomer 

N=C=0 groups, none of which are present i n the monomer. 

The disappearance of c e r t a i n peaks upon polymerisation may 

g i v e an i n d i c a t i o n as to the polymerisation mechanism. I n the 

cas e of NVP, the C=C peak a t 1620 cm"-̂  i n the spectrum of the 

monomer i s l o s t upon plasma polymerisation ( e s p e c i a l l y a t 8 

w a t t s ) , suggesting t h a t the polymerisation proceeds l a r g e l y 

through the opening of the double bond. 

The o x i d a t i o n of a plasma polymer upon ageing can be 

followed by i n f r a - r e d analysis^-^. T h i s i s achieved by monitoring 

the growth of peaks a s s o c i a t e d with oxygen f u n c t i o n a l i t i e s , 

p a r t i c u l a r l y the C=0 and 0-H peaks a t about 1700 and 3500 

cm~^ r e s p e c t i v e l y . 
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1.4.3 S u r f a c e A n a l y s i s 

a) Contact Angle Measurement 

The c o n t a c t angle i s the angle t h a t the s u r f a c e of a small 

drop of l i q u i d ( u s u a l l y d i s t i l l e d water) makes with the s u r f a c e 

of the m a t e r i a l i t i s on, and g i v e s an i n d i c a t i o n of the s u r f a c e 

energy of the m a t e r i a l . A p o l a r s u r f a c e , such as a polymer 

c o n t a i n i n g a high l e v e l of oxygen f u n c t i o n a l i t i e s , with high f r e e 

energy g i v e s a very low c o n t a c t angle with water, while a low 

energy, non p o l a r s u r f a c e , (e.g. fluorocarbon) g i v e s a high 

c o n t a c t angle. Depending on the choice of monomer and 

the c o n d i t i o n s used plasma polymers and s u r f a c e photopolymers can 

be prepared with c o n t a c t angles ranging from zero^*^ to almost 

^QQ062,92 ^ although very high c o n t a c t angles are l i k e l y to be due 

t o s u r f a c e roughness as w e l l as low s u r f a c e energy. Measurement 

of the c o n t a c t angle t h e r e f o r e provides a quick and cheap method 

of o b t a i n i n g some information about the nature of a polymer 

s u r f a c e which may be d i r e c t l y r e l a t e d to the d e s i r e d p r o p e r t i e s 

of the s u r f a c e . I t can not however provide any d e t a i l about the 

chemical composition of the s u r f a c e . 

b) E l e c t r o n Microscopy 

T h i s can be used to study the s u r f a c e morphology of a 

d e p o s i t e d polymer f i l m . Plasma polymers have been examined by 

e l e c t r o n microscopy^-^, and g e n e r a l l y show f a i r l y smooth, pin-hole 

f r e e s u r f a c e s , although polymers formed under high power and low 

flow r a t e c o n d i t i o n s may be rougher. E l e c t r o n microscopy can be 

v e r y u s e f u l i n examining the patterned deposition of a surface 

photopolymer, p a r t i c u l a r l y i f a l a s e r i s used as a UV l i g h t 
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source i n the d e p o s i t i o n to produce very f i n e p a t t e r n s ^ ^ . 

c) X-Ray Photoelectron Spectroscopy (XPS) 

A l s o known as ESCA ( E l e c t r o n Spectroscopy f o r Chemical 

A n a l y s i s ) , t h i s was f i r s t a p p l i e d to plasma polymers by C l a r k and 

co-workers i n the 1970 •s^'* and has s i n c e become a standard 

a n a l y t i c a l technique f o r plasma polymers. Samples are analysed by 

measuring the k i n e t i c energies of e l e c t r o n s e j e c t e d from core 

l e v e l s of atoms i n the s u r f a c e of the sample using monochromatic 

X-rays. The binding energy of the e l e c t r o n can then be c a l c u l a t e d 

u s i n g equation 1.3. 

BE = hV - KE 1.3 

where BE = binding energy of the e l e c t r o n 
hv = energy of the i n c i d e n t x-rays 

and KE = measured k i n e t i c energy of the e l e c t r o n 

Each atomic core l e v e l of each element has a p a r t i c u l a r 

b inding energy, so by comparing the number of e l e c t r o n s observed 

a t v a r i o u s binding energies (together with a knowledge of the 

a p p r o p r i a t e s e n s i t i v i t y f a c t o r s ) a s e m i - q u a n t i t a t i v e elemental 

a n a l y s i s of the s u r f a c e can be c a r r i e d out (accurate to about ± 

5%) . T h i s can be achieved f o r a l l elements except for hydrogen, 

s i n c e t h i s does not possess any core l e v e l e l e c t r o n s . 

The e l e c t r o n i c charge on an atom has an i n f l u e n c e on the 

p r e c i s e e n e r g i e s of the core l e v e l s , so the presence of charged 

s p e c i e s and e l e c t r o n withdrawing or donating s u b s t i t u e n t s on an 

atom can be observed as a chemical s h i f t . T h i s enables a 

f u n c t i o n a l group a n a l y s i s to be made, p a r t i c u l a r l y by examining 

the C-ĵ g c o r e l e v e l , although s u b s t i t u e n t groups t h a t are not 
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e l e c t r o n withdrawing may not be detected (e.g. a l l carbon-

hydrogen groups occur a t the same binding energy). F u n c t i o n a l 

group a n a l y s i s i s p a r t i c u l a r l y u s e f u l f o r f l u o r i n e and oxygen 

c o n t a i n i n g polymers, s i n c e the high e l e c t r o n e g a t i v i t i e s of these 

elements produce l a r g e chemical s h i f t s i n the C^g spectrum. 

The presence of a shake up s a t e l l i t e , which appears as a 

s m a l l peak a t s l i g h t l y higher binding energy than the d i r e c t 

p h o t o i o n i s a t i o n peak, i s i n d i c a t i v e of aromatic or other short 

range u n s a t u r a t i o n . T h i s a r i s e s from the l o s s of k i n e t i c energy 

from a photoelectron as i t causes a valence e l e c t r o n to be 

promoted i n t o a higher energy o r b i t a l (e.g. Tr-IT* f o r aromatics) . 

XPS i s s u r f a c e s e n s i t i v e to a depth of approximately 50A, 

due to the s h o r t mean f r e e path of an e l e c t r o n i n a s o l i d 

m a t e r i a l . The exact depth of sample examined can however be 

v a r i e d to allow a c e r t a i n amount of depth p r o f i l i n g . T h i s can be 

achieved by changing the e l e c t r o n t a k e - o f f angle, so t h a t an 

e l e c t r o n has to t r a v e l through more of the sample to escape from 

a given depth, or by examining two d i f f e r e n t core l e v e l s of the 

same element (e.g. O^g and Ojg), the e l e c t r o n s of which have 

d i f f e r e n t k i n e t i c e n e r g i e s and hence d i f f e r e n t mean fr e e paths, 

or by u s i n g X-rays sources of two d i f f e r e n t e n e r g i e s . 

XPS i s g e n e r a l l y a very u s e f u l technique f o r standard 

a n a l y s i s of most plasma polymers and s u r f a c e photopolymers, and 

i s the p r i n c i p a l method of a n a l y s i s used i n t h i s t h e s i s . I t has 

the major drawback however t h a t l i t t l e information can be 

obtained about hydrocarbon polymers. Also, as f o r a l l forms of 

s u r f a c e a n a l y s i s , the sample must be c l e a n s i n c e a very small 

l a y e r of contamination on the s u r f a c e can obscure the s i g n a l from 
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the sample. 

d l Secondary Ion Mass Spectroscopy (SIMS) 

SIMS i s a r e l a t i v e l y new technique which has not yet been 

much used to study plasma polymers or s u r f a c e photopolymers, 

although i t s a p p l i c a t i o n to conventional polymers has become 

e s t a b l i s h e d ^ ^ . An beam of ions or f a s t atoms i s used to ablate 

i o n i c fragments from the polymer s u r f a c e which are analysed i n a 

mass spectrometer. For polymer samples the s t a t i c mode i s u s u a l l y 

employed, i n which a ve r y low ion c u r r e n t i s used and the ion 

beam i s r a s t e r e d a c r o s s the s u r f a c e of the sample. T h i s i s to 

avoi d sampling any of the s u r f a c e which might have already been 

damaged by the ion beam. Depth p r o f i l i n g can be achieved using 

the dynamic mode i n which a high ion c u r r e n t i s used and the beam 

remains focused i n one p l a c e . T h i s causes the sample a t th a t 

p o i n t t o be etched away and the v a r i a t i o n of the spectrum 

obtained w i t h time corresponds to a depth p r o f i l e of the sample. 

T h i s has been used to measure the t h i c k n e s s of a v i n y l ferrocene 

plasma polymer, by measuring the time taken f o r the peak due to 

i r o n t o disappear^^. S i n c e the ion beam can be focussed int o a 

v e r y s m a l l area, SIMS can a l s o be used to take s p e c t r a from 

d i f f e r e n t p a r t s of a sample and so b u i l d up a l a t e r a l image of 

the s u r f a c e . 

Although l i t t l e work has yet been done on the a n a l y s i s of 
9 0 9 7 

plasma polymers and s u r f a c e photopolymers by SIMS^ '^ i t has the 

p o t e n t i a l of p r o v i d i n g much s t r u c t u r a l information. Although SIMS 

s p e c t r a of unknown m a t e r i a l s can be d i f f i c u l t to i n t e r p r e t , a 

c o n s i d e r a b l e amount of information can be gained by comparison 
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w i t h the s p e c t r a of known conventional polymers. The information 

gained by SIMS a n a l y s i s tends to be complimentary to, ra t h e r than 

a l t e r n a t i v e to, XPS a n a l y s i s . 
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CHAPTER 2 

PLASMA POLYMERISATION AND SURFACE PHOTOPOLYMERISATION OF 
PERFLUOROAROMATIC AND OTHER CYCLIC PERFLUORO COMPOUNDS. 

XPS ANS SIMS ANALYSIS 
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2.1 INTRODUCTION 
There has been a considerable amount of previous 

i n v e s t i g a t i o n i n t o the plasma polymerisation o f aromatic 
compounds. Polymers were no t i c e d as by-products when the 
c h e m i s t r i e s o f benzene, toluene and other aromatic compounds i n 
e l e c t r i c discharges were being i n v e s t i g a t e d i n the 1950's and 
60's-^'^. Plasma polymers of a series o f f l u o r i n a t e d benzenes, 
ranging from monofluorobenzene through t o perfluorobenzene, and 
a l s o the p e r f l u o r o d e r i v a t i v e s of cyclohexane, cyclohexene and 
cyclohexadienes were made by Clark e t . a l . i n the 1970's and 
e a r l y 80's"^^"^. These could be studied using XPS since the 
f l u o r i n e atom i s very e l e c t r o n e g a t i v e and so induces d i f f e r e n t 
chemical s h i f t s i n d i f f e r e n t fluorocarbon environments. The XPS 
showed considerable a l t e r a t i o n i n s t r u c t u r e from the s t a r t i n g 
monomers, i n c l u d i n g the production o f considerable amounts of CF2 
and CF3 groups. Plasma polymers of p e r f l u o r o t o l u e n e have been 
repor t e d by I n a g a k i ^ , Gil'man e t . a l . ^ and Kaplan and D i l k s ^ . As 
f o r perfluorobenzene, the polymer was found t o c o n t a i n CF, CF2, 
CF3 and C-CFj^ groups by XPS, while a -̂-̂C NMR i n v e s t i g a t i o n by 
Kaplan and D i l k s showed p a r t i a l u n s a t u r a t i o n of the plasma 
polymer. A p y r o l y s i s GC mass s p e c t r a l study of plasma polymerised 
toluene using i s o t o p i c l a b e l l i n g ^ showed evidence f o r carbon atom 
scrambling between the methyl group and the aromatic r i n g and led 
t o the proposal of a t r o p y l i u m c a t i o n intermediate. S o l i d s t a t e 
•̂•̂C NMR evidence of p a r t i a l s a t u r a t i o n of the r i n g carbon atoms 
i n a toluene plasma polymer^ led t o a proposed s t r u c t u r e f o r the 
toluene plasma polymer ( f i g u r e 2.1). As the NMR spectra ofthe 
polymers of toluene and p e r f l u o r o t o l u e n e were very s i m i l a r . 
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Figure 2•1 Proposed s t r u c t u r e f o r plasma polymerised toluene 

an i d e n t i c a l but p e r f l u o r i n a t e d s t r u c t u r e was proposed f o r the 
p e r f l u o r o t o l u e n e plasma polymer. 

More r e c e n t l y , Munro and T i l l have shown t h a t a surface 
photopolymer of perfluorobenzene can be formed using non-ionising 
r a d i a t i o n ^ , and appears by XPS t o be e s s e n t i a l l y the same as the 
plasma polymer. This suggests t h a t i n t h i s case e x c i t e d states 
are p r i m a r i l y r e s p o n s i b l e f o r the plasma pol y m e r i s a t i o n and ion 
chemistry need not be in v o l v e d . Surface photopolymerisation of 
benzene has been known since the 1960's and e a r l i e r ^ and a 
r e a c t i o n scheme was proposed by Ward and Wishnok^*^ i n v o l v i n g 
e x c i t a t i o n t o the S3 s t a t e followed by collapse t o a 
v i b r a t i o n a l l y e x c i t e d ground s t a t e Sq^. Fulvene and c i s - and 
trans-1,3-hexadien-5-yne were formed as v o l a t i l e products i n the 
p h o t o l y s i s , and fulvene has also been observed as a v o l a t i l e 
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product o f a benzene plasma 
I n t h i s chapter plasma polymers of perfluorobenzene (PFB) 

and p e r f l u o r o t o l u e n e (PFT) produced under a range of co n d i t i o n s , 
are analysed by XPS and Secondary i o n mass spectroscopy (SIMS). 
They are also compared w i t h the plasma polymers of benzene, 
naphthalene, perfluorocyclohexane and perfluorocyclohexene. 
Although these and other plasma polymers have p r e v i o u s l y been 
analysed by XPS, SIMS been l i t t l e used, except f o r d e t e c t i n g the 
presence o f t i n atoms i n a plasma polymer of d i b u t y l t i n acetate-^^ 
and, i n t h e dynamic mode, f o r measuring the thickness of a plasma 
polymer o f v i n y l ferrocene-'--^. No attempt has been made t o 
i n v e s t i g a t e the s t r u c t u r e of a plasma polymer using SIMS, 
although i t has been used t o detect the d i f f e r e n c e between high 
and low f l o w r a t e plasma and surface photopolymers of N-vinyl 
pyrrolidinone-^**. The technique should, however, be capable of 
p r o v i d i n g a considerable amount of i n f o r m a t i o n about the 
s t r u c t u r e of these m a t e r i a l s , although i n t e r p r e t a t i o n of the 
spectra i s not always easy. I n t h i s case i n f o r m a t i o n i s gained 
from s t a t i c SIMS spectra by comparison w i t h e l e c t r o n impact mass 
spectra . 

The surface photopolymerisation of PFT i s also i n v e s t i g a t e d 
i n order t o determine whether i t , l i k e PFB can produce a m a t e r i a l 
s i m i l a r t o the plasma polymer, and what wavelength of l i g h t i s 
r e q u i r e d . Photopolymers of PFT and PFB are analysed by XPS and 
compared w i t h the corresponding plasma polymers. 
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2.2 EXPERIMENTAL 
2.2.1 Plasma p o l y m e r i s a t i o n 

Plasma polymerisations were c a r r i e d out i n a t u b u l a r pyrex 
r e a c t o r i n s e r t e d i n t o an a l l glass, grease f r e e vacuum l i n e 
( f i g u r e 2.2). Flanged j o i n t s and the c o l d t r a p were sealed w i t h 
V i t o n O r i n g s w h i l s t a l l other connections were made w i t h Cajon 
u l t r a t o r r couplings. Vacuum taps were sealed w i t h PTFE stoppers. 
The apparatus was pumped down t o a base pressure of about 3x10"^ 
t o r r u s i n g an Edwards ED2M2 mechanical r o t a r y pump. Pressure 
measurements were made using a P i r a n i thermocouple gauge. 

Before each d e p o s i t i o n i n v o l v i n g a new monomer the reactor 
and end caps were cleaned w i t h a hard nylon brush using acetone, 
water, detergent and scouring powder, r i n s e d w i t h water and 
acetone and baked i n an oven. Any r e s i d u a l detergent or polymer 
was removed a f t e r assembly using a 50 watt oxygen plasma. 

At t h e s t a r t of each experiment the leak r a t e of the vacuum 
l i n e was t e s t e d by c l o s i n g o f f the pumping and measuring the r i s e 
i n pressure over a per i o d of time. (A high leak r a t e can cause an 
unacceptable amount of oxygen i n c o r p o r a t i o n i n t o the polymer f i l m 
d u r i n g p o l y m e r i s a t i o n ) . I f the leak r a t e was low, monomer vapour 
was l e t i n t o the r e a c t o r through an Edwards needle valve t o the 
d e s i r e d pressure, and the monomer flo w r a t e was measured. This 
was achieved by c l o s i n g o f f the pumping and monitoring the r a t e 
o f increase of pressure due t o the flow of monomer i n t o the 
r e a c t o r . A l l plasma po l y m e r i s a t i o n experiments were c a r r i e d out 
w i t h a dynamic flo w of monomer through the apparatus, i . e . the 
r e a c t o r was open t o the pumping system duri n g the experiment. 

The RF power supplied by a 13.56 MHz RF generator was 
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Figure 2.2 Experimental c o n f i g u r a t i o n f o r plasma p o l y m e r i s a t i o n , 
showing vacuum l i n e , RF generator and associated 
equipment. 
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i n d u c t i v e l y coupled t o the reactor through an e x t e r n a l l y wound 
copper c o i l v i a an L-C matching network as shown i n f i g u r e 2.2. A 
DIAWA SWllOA meter was used t o measure the RF power and standing 
wave r a t i o (the r a t i o of t o t a l power generated / power going i n t o 
t h e plasma). The plasma was balanced by a d j u s t i n g the matching 
network t o g i v e the minimum standing wave r a t i o (optimum value = 
1) . P o l y m e r i s a t i o n t y p i c a l l y took 5-10 minutes and the polymer 
was c o l l e c t e d on aluminium f o i l placed on a glass s l i d e i n the 
r e a c t o r . 

A l l monomers were supplied by A l d r i c h and degassed using 
a l t e r n a t e freeze thaw cycles before use. 

2.2.2 Photopolymerisation 

Vacuum UV photopolymerisation experiments were c a r r i e d out 
i n a pyrex, grease f r e e vacuum l i n e , d i v i d e d i n t o 2 sections by a 
window mounted between metal flanges using V i t o n 0 r i n g s as seals 
( f i g u r e 2.3). Each side was pumped down t o a base pressure of 
3x10 t o r r using an Edwards ED2M2 pump and the pressure measured 
by a P i r a n i thermocouple gauge. An RF c o i l was wound around the 
apparatus on the r i g h t hand side of the window, and t h i s was used 
t o produce a 50 W n i t r o g e n plasma which acted as a source of UV 
r a d i a t i o n . Monomer vapour was bled i n t o the l e f t hand p a r t of the 
apparatus through a needle valve, the leak r a t e and flow rate 
being measured i n the same way as f o r plasma polym e r i s a t i o n . 
Polymer was c o l l e c t e d on an aluminium f o i l s u b s t r a t e placed next 
t o t h e window. T y p i c a l i r r a d i a t i o n time was about 2 hours. The 
window was cleaned a f t e r each run using a 100 W oxygen plasma, 
and i t s UV spectrum was taken t o check t h a t any polymer had been 

49 



removed. Calcium f l u o r i d e , s u p r a s i l and quartz, transparent above 
120nm, 160nm, and 180nm r e s p e c t i v e l y , were used as window 
m a t e r i a l s . 

For p h o t o p o l ymerisation a t 185nm a Hanovia low pressure 
mercury a r c lamp was used w i t h the apparatus shown i n f i g u r e 2.4. 
The j a c k e t s s e p a r a t i n g the UV source from the r e a c t i o n chamber 
were made of s u p r a s i l , and the spaces between them flushed w i t h 
n i t r o g e n i n order t o prevent absorption of the 185nm r a d i a t i o n . 
Monomer was introduced t o the chamber and i r r a d i a t e d f o r a period 
o f about 2 hours. Polymer was c o l l e c t e d on an aluminium f o i l 
s u b s t r a t e placed i n a holder on a glass s l i d e and p o s i t i o n e d i n 
the chamber close t o the l i g h t source. 

2.2.3 A n a l y s i s 

XPS analyses were c a r r i e d out by Kratos ES 300 or ES 200 
spectrometers i n f i x e d r e t a r d a t i o n mode using Mg Ka-ĵ 2̂ X-rays 
(96W) o f 1253.6 eV energy, and a take o f f angle of 35°. Samples 
were mounted on a 3-sided probe t i p measuring approximately 17mm 
by 8mm, usi n g double sided Scotch adhesive tape. Ĉ ĝ component 
peak p o s i t i o n s were assigned by reference t o the experimentally 
determined b i n d i n g energies o f the various f u n c t i o n a l i t i e s i n 
standard samples"^*-^ and are constant t o w i t h i n ± 0.3 eV. 

SIMS spectra were run i n the s t a t i c mode using a modified VG 
SIMSLAB spectrometer w i t h a quadropole analyser, employing 2 KeV 
argon ions w i t h a t o t a l i o n dose of 2x10"^^ per sample. 

TOF SIMS spectra were run on a Kratos TOF SIMS 
spectrometer using a g a l l i u m l i q u i d metal i o n source g i v i n g lOkV 
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ions w i t h an i o n c u r r e n t of 200 picoamps, 

2.2.4 C a l c u l a t i o n of Flow Rate and Leak Rate 
Working i n the vacuum range, i . e . the range used f o r plasma 

and surface photopolymerisations, gases and vapours can be 
considered t o behave i d e a l l y , and t h e r e f o r e t o obey the i d e a l gas 
law: 

PV = nRT 2.1 

where P = pressure 
V = volume of reactor 
n = number of moles of gas 
R = gas constant 

and T = temperature (K) 

Based on t h i s , the flow r a t e can be c a l c u l a t e d from the ra t e 
of pressure increase i n the system when the pumping i s closed 
o f f . 

f l o w r a t e = dn = dP V mol sec"-'- 2.2 
d t d t RT 

At STP 1 mole of gas occupies 22414 cm"̂ . Converting the time 
t o minutes, and the volume t o l i t r e s , t h i s leads t o equation 2.3. 

flow r a t e = 74.4 V dP cm-^grpp/min 2.3 
dt 

Leak ra t e s can be c a l c u l a t e d using the same formula. For 
accurate measurement of flow rates the leak r a t e should be 
su b t r a c t e d from the measured flow r a t e , but since the leak rates 
were always very small compared w i t h the flow r a t e s they were 
considered t o be n e g l i g i b l e . 
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Figure 2.4 Photopolymerisation apparatus f o r experiments using 
185nm UV r a d i a t i o n 
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2 ^ RESULTS AND DTSCUSSION 
2.3.1 XPS o f Perfluorobenzene fPFB^ and Perfluorotoluene fPFT) 

Plasma Polymers 
T y p i c a l Cj^g core l e v e l spectra f o r PFT plasma polymers are 

shown i n f i g u r e 2.5. Figure 2.5(a) shows a polymer obtained under 
h i g h f l o w r a t e (1.9 cm-^/min) and low power (6W) co n d i t i o n s , while 
f i g u r e 2.5(b) i s of a m a t e r i a l made using a low flow r a t e (0.73 
cm-^/min) and higher power (15W) . The bi n d i n g energies-^ and 
r e l a t i v e i n t e n s i t i e s the component peaks are shown i n t a b l e 1. I t 
can be seen t h a t i n both cases CF and CF3 groups have been l o s t 
d u r i n g p o l y m e r i s a t i o n , w h i l e C-CFn and CF2 groups have been 
created. The g r e a t e s t changes occur i n the high W/F polymer, 
which i s as expected since there i s more power a v a i l a b l e per u n i t 
monomer i n t h i s case and so more s t r u c t u r a l rearrangement might 
be a n t i c i p a t e d . This i s seen most c l e a r l y when comparing the 
r e l a t i v e amounts of CF, CF-CF̂ ^ and CF2. The-n^* peak i s a shake-

Component 
Peak 

CH 
C-CF 
CF 
CF-CF 

n 

T o t a l CF 

TT-TT 

C-ĵ „ component peaks of PFT Plasma polymers 

Binding % C o n t r i b u t i o n t o 
Energy 
(eV) pprpa High W/F Low W/F 

Monomer Polymer Polymer 
285. 0 0 3 3 
286. 6 17 24 21 
288.3 71 44 27 
289.5 0 8 20 

71 52 47 
291.2 0 11 22 
293.3 17 9 10 
295.2 7 3 0.4 

^ t h e o r e t i c a l values 
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Figure 2.5 C-|̂g core l e v e l spectra of PFT plasma polymers 
(a) low W/F polymer 
(b) high W/F polymer 
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up s a t e l l i t e and i n d i c a t e s the presence of aromatic 
f u n c t i o n a l i t y . Although i t i s n o n - q u a n t i t a t i v e , the l a r g e r shake 
up i n t h e low W/F polymer suggests t h a t more of the aromatic 
nature o f the PFT has been r e t a i n e d than i n the high W/F polymer. 
Graphs showing the changes i n composition of the C^^ core l e v e l 
w i t h respect t o power and flow r a t e are shown i n f i g u r e s 2.6(a) 
and 2.6(b) r e s p e c t i v e l y . 

The F-ĵ g core l e v e l spectra showed only a s i n g l e peak i n 
a l l cases, as the range of chemical s h i f t s f o r the d i f f e r e n t 
f l u o r i n e environments i s very low. Area r a t i o s o f the F̂ ĝ and C-|̂g 
core l e v e l s show t h a t the F:C s t o i c h i o m e t r y f o r the low W/F 
polymer was 0.93:1, and f o r the high W/F polymer was 1.16:1. This 
compares w i t h a value of 1.14:1 f o r PFT, and shows t h a t f l u o r i n e 
i s l o s t a t low W/F, but not at high W/F. This explains the l a r g e r 
amount of C-CFj^ found i n the C^g spectrum of the low W/F polymer. 
I t appears t h e r e f o r e , t h a t a t low W/F p o l y m e r i s a t i o n involves 
l o s s o f f l u o r i n e and r e t e n t i o n of aromatic s t r u c t u r e , w hile a t 
h i g h W/F f l u o r i n e i s r e t a i n e d and p o l y m e r i s a t i o n occurs through 
rearrangement and opening of aromatic r i n g s . 

I n a l l cases the 0-^^ core l e v e l showed a small peak 
corresponding t o an 0:C r a t i o of approximately 0.03:1. This 
contamination could a r i s e from a small leak of a i r i n t o the 
vacuum l i n e d u r i n g p o l y m e r i s a t i o n , or from r e a c t i o n of 
atmospheric oxygen w i t h trapped f r e e r a d i c a l s i n the surface of 
t h e polymer p r i o r t o a n a l y s i s . 
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c-cr era era 
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Figure 2.6 V a r i a t i o n s i n composition of PFT plasma polymers w i t h 
(a) power and (b) flow r a t e 
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F i g u r e 2.7(a) C^g spectrum of a PFB plasma polymer 

P F B PLASMA POLYMERS 
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cr o erg 

F i g u r e 2.7(b) V a r i a t i o n i n composition of PFB plasma polymers 
flow r a t e a t constant power (15W) 
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A s m a l l amount of hydrocarbon contamination was a l s o shown by the 

peak a t 285 eV i n the Ĉ ĝ core l e v e l s p e c t r a . T h i s could be due 

to t h r e e e f f e c t s : ( i ) a small amount of hydrocarbon present i n 

the plasma r e a c t o r , ( i i ) contamination while sample was 

t r a n s f e r r e d t o the spectrometer, or ( i i i ) the formation of an 

o v e r l a y e r during a n a l y s i s i n the spectrometer"^^, caused by 

hydrocarbon b o i l i n g o f f the X-ray cap and window. 

The C-ĵ g core l e v e l spectrum of a t y p i c a l PFB plasma polymer 

(power = 15W, flow r a t e = 0.7 cm-^/min) i s shown i n f i g u r e 2.7(a). 

T h i s i s g e n e r a l l y s i m i l a r to the PFT plasma polymers except that 

t h e r e i s l e s s CF3 and more CF, as might be expected from the 

monomer s t r u c t u r e . The v a r i a t i o n of the composition of the C-^^ 

envelope with flow r a t e i s shown i n f i g u r e 7 ( b ) . The same s o r t of 

t r e n d s a r e observed as f o r PFT plasma polymers, but the a c t u a l 

changes a r e g e n e r a l l y s m a l l e r . 

2.3.2 SIMS a n a l y s i s of PFB and PFT plasma polymers 

The p o s i t i v e ion s t a t i c SIMS spectrum of a PFB plasma 

polymer i s shown i n f i g u r e 2.8. Like the XPS, the p o s i t i v e ion 

SIMS shows evidence of some hydrocarbon contamination. This can 

be observed i n the peak a t 15 (CH3"'") and i n the c l u s t e r s of peaks 

a t 29-30 (C2H5_g'^) , 39-43 (C3H3_7'^) and 53-57 (C4H5_9''") . These 

a l l correspond t o peaks not present i n the mass s p e c t r a of 

perfluorocarbons"*-^ and so can be taken to be i n d i c a t i v e of the 

presence of hydrocarbon. 
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T a b l e 2.2 AssicmmP-nts of Peaks i n the P o s i t i v e SIM-^ spectrum of 

PP-PFB 

A.M.U. Assignment Present in the E . I . MS of :-

217 

210 

205 

186 

179 

167 

165 

155 

148 

141 

131 

117 

93 

69 

31 

C7F7+ 

C8F6+ 

C6F7+ 

C6F6+ 

C7F5+ 

C6F5+ 

C9F3 + 

C5F5+ 

C6F4+ 

C7F3+ 

C3F5+ 

C5F3+ 

C3F3+ 

CF3+ 

CF+ 

P e r f l u o r i n a t e d A l k y l 
Benzenes ( not Styrene ) 

Perf l u o r o s t y r e n e 

Perfluoro 1,3, hexadiene 

Perfluorobenzene, toluene and 
xylenes. 

Perfluoro A l k y l Benzenes 
( i n c . styrene ) . 

Perfluoro A l k y l Benzenes 
( not styrene ) . 

Perfluoronaphthalene and 
Biphenyl. 

Perfluoro 1,3, hexadiene. 

Perfluoro A l k y l Benzenes. 

Perfluoroxylenes and styrene. 

Perfluorocyclohexanes 
( not observed i n aromatics ) 
Most perfluoroaromatics. 

Common to a l l perfluorocarbons. 

Common to a l l perfluorocarbons. 

Common to a l l perfluorocarbons. 
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The main fluorocarbon peaks below 220 a.m.u. are tabulated 

i n t a b l e 2.2. The assignment of s t r u c t u r a l f e a t u r e s from which 

the observed ions might o r i g i n a t e has been accomplished by 

comparison with the e l e c t r o n impact mass s p e c t r a of 

fluor o c a r b o n s ^ ^ . Although t h e r e may be d i f f e r e n c e s i n the 

fragmentation mechanisms between e l e c t r o n impact and the ion 

impact of SIMS, t h i s may serve as a reasonable guide to the 

fluorocarbon groups present. The p o s i t i v e ion SIMS spectrum of 

prppgie b a s i c a l l y s i m i l a r to the e l e c t r o n impact mass spectrum 

of l i n e a r p e r f l u o r o a l k a n e s , although i t may contain some e x t r a 

peaks of low i n t e n s i t i e s . No q u a n t i t a t i v e data can be obtained 

from the r e l a t i v e h e i g h t s of the i n d i v i d u a l peaks i n the SIMS 

spectrum, as f a c t o r s such as matrix e f f e c t s and sample charging 

can have a l a r g e i n f l u e n c e on the peak i n t e n s i t i e s obtained, 

although t h e r e have been some attempts to obtain q u a l i t a t i v e SIMS 

data, f o r example i n a range of copolymer systems-^^. 

The peaks a t 31, 69 and 93 a.m.u. correspond to the ions 

CF"^, CF3"'', and C3F3"*", which are present i n the mass sp e c t r a of 

a l l p e r f luorocarbons. Peaks a t 186 (which could be assigned to 

the molecular ion of PFB), 167, 155 and 117 a.m.u. are a l l 

p r e s e n t i n the e l e c t r o n impact mass spectrum of PFB. Peaks a t 

217 (which i s p a r t i c u l a r l y i n t e n s e ) , 179, 148 and 141 a.m.u. are 

not p r e s e n t i n the mass spectrum of PFB but are c h a r a c t e r i s t i c of 

p e r f l u o r i n a t e d a l k y l benzenes. Other peaks a t 210, 205, 165 and 

131 a.m.u. a r e found i n the mass s p e c t r a of perfl u o r o s t y r e n e , 

p e r f l u o r o 1,3 hexadiene, perfluoronaphthalene / biphenyl and 

perfluorocyclohexane r e s p e c t i v e l y . There i s no evidence f o r 

any p e r f l u o r o a l k y l a l i p h a t i c c h a i n s i n the plasma polymer. 
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There are a number of low i n t e n s i t y peaks a t masses of 

g r e a t e r than 220 a.m.u., corresponding to l a r g e r fragments from 

the polymer. These a r e more d i f f i c u l t to a s s i g n to any p a r t i c u l a r 

s t r u c t u r e , although the peaks a t 272, 253, 241 and 203 a.m.u. are 

c h a r a c t e r i s t i c of p e r f luoronaphthalene, and the peak a t 267 

a.m.u. i s present i n the mass s p e c t r a of perfluoroalkylbenzenes. 

The negative ion SIMS spectrum of the PFB plasma polymer was 

dominated by the peak a t 19 a.m.u. which was due to F~, A s e r i e s 

of peaks of d i m i n i s h i n g i n t e n s i t y corresponding to Cj^~ a t 12, 24, 

36, 48, 60 and 72 a.m.u. f o r n = 1-6 and Cj^F~ f o r n = 1-6 at 31, 

43, 55, 67, 79 and 91 a.m.u. were a l s o observed. The l a c k of any 

peaks a t higher molecular mass makes the negative ion data much 

l e s s i n f o r m a t i v e than t h a t from the p o s i t i v e ions. 

From the p o s i t i v e ion SIMS data i t can be proposed that the 

PFB plasma polymer i s composed mainly of c y c l i c s t r u c t u r e s 

(mainly aromatic with some cyclohexane, cyclohexene and 

cyclohexadiene) l i n k e d together by short p e r f l u o r o a l k y l chains 

(probably no more than one carbon atom long i n most cases) . This 

i s v e r y s i m i l a r t o the s t r u c t u r e proposed by Kaplan and D i l k s for 

plasma polymerised toluene, when p e r f l u o r i n a t e d (see f i g u r e 2.1). 

One d i f f e r e n c e however i s the presence of some naphthalene groups 

i n the PFB plasma polymer, as i n d i c a t e d by the SIMS a n a l y s i s . 

Time of f l i g h t (TOF) SIMS a n a l y s i s of a perfluorobenzene 

plasma polymer showed no peaks a t higher mass than had been found 

i n the s p e c t r a obtained u s i n g a quadrupole a n a l y s e r . T h i s l a c k of 

high mass fragments may be i n d i c a t i v e of ext e n s i v e c r o s s - l i n k i n g . 

A s e r i e s of f i v e PFB plasma polymers made using a power of 
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15 watts and flow r a t e s v a r y i n g from 0.45 to 1.8 cm-^/min (the 

same s e t s of c o n d i t i o n s as used i n producing the polymers 

examined by XPS), were analysed using s t a t i c SIMS. A l l gave 

s p e c t r a i d e n t i c a l ( a p a r t from minor v a r i a t i o n s i n i n d i v i d u a l peak 

i n t e n s i t i e s ) to the example given above. Therefore i t can be 

concluded t h a t the b a s i c s t r u c t u r a l a s p e c t s of plasma polymerised 

PFB are the same, no matter what flow r a t e c o n d i t i o n s are used i n 

the plasma. D i f f e r e n c e s observed i n the XPS s p e c t r a of these 

polymers must be due to changes only i n the r e l a t i v e abundances 

of the v a r i o u s s t r u c t u r a l f e a t u r e s i n the polymer (e.g. more 

aromatic groups i n a high flow r a t e polymer, more sat u r a t e d rings 

i n a low flow r a t e polymer), 

A s i m i l a r s e r i e s of PFT plasma polymers formed a t 15 watts 

and w i t h flow r a t e s ranging from 0.3 to 1.55 cm"^/min were a l s o 

a n a l y s e d by SIMS. As f o r the PFB plasma polymers, no changes were 

observed i n the SIMS s p e c t r a between any of these samples, 

d e s p i t e d i f f e r e n c e s i n the corresponding XPS s p e c t r a . I n f a c t the 

PFT SIMS s p e c t r a were i d e n t i c a l to those from the PFB polymers, 

suggesting t h a t plasma polymers of PFT and PFB are e s s e n t i a l l y 

the same m a t e r i a l . The mechanism f o r the formation of the polymer 

i s t h e r e f o r e probably the same i n each case, with the -CF3 group 

not p l a y i n g a major r o l e , and may be a general mechanism fo r the 

plasma p o l y m e r i s a t i o n of aromatic compounds. 
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F i g u r e 2.9 XPS Ĉ ĝ s p e c t r a of plasma polymers of 
(a) perfluorocyclohexene and (b) perfluorocyclohexane 
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2.3.3 Perfluorocyclohexane and Perflunrocyclohexene Plasma 
Polymers 

Plasma polymers of perfluorocyclohexane and 

perfluorocyclohexene were prepared using a power of 15 watts, 

monomer p r e s s u r e of 0.1 t o r r and a flow r a t e of 0.6 cm^/min, and 

were a n a l y s e d u s i n g XPS and p o s i t i v e and negative ion s t a t i c 

SIMS. The r e s u l t s are compared with those f o r a perfluorobenzene 

plasma polymer. 

The XPS C-̂ g core l e v e l s p e c t r a of the two polymers are shown 

i n f i g u r e 2.9. I t can be seen t h a t the two are broadly s i m i l a r to 

each other, but s i g n i f i c a n t l y d i f f e r e n t from the spectrum of the 

PFB polymer formed under s i m i l a r c o n d i t i o n s , shown i n f i g u r e 

2 . 7 ( a ) . Comparisons between the XPS s p e c t r a of these polymers and 

t h a t of PFB are presented i n t a b l e 2.3. 

Table 2.3 Comparison of XPS analyses of plasma polymers of 
perfluorobenzene, perfluorocyclohexene and perfluorocyclohexane 

P e r f l u o r o P e r f l u o r o Perfluoro 
benzene cyclohexene cyclohexane 

F:C R a t i o 0.92 1.40 1.60 

CH 6 6 3 

C-CF 25 17 17 
% 

CF 35 14 13 

of CF-CF^ 15 16 14 

CF2 15 26 31 

CF3 4 19 25 

Tr - T T * 2 2 1 

C l s 

shake up 
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As might be expected from the composition of the monomers, 

the plasma polymers of perfluorocyclohexene and 

perfluorocyclohexane contain a considerably higher r a t i o of 

f l u o r i n e to carbon than does plasma polymerised PFB. This i s 

manifested i n the Ĉ ĝ core l e v e l s p e c t r a i n the form of much 

l a r g e r peaks corresponding to CF2 and CF3 groups, which suggests 

t h a t t h e r e i s much more a l i p h a t i c c h a r a c t e r to these plasma 

polymers. The CF peak (which includes aromatic CF groups) and the 

C-CF peak are considerably smaller i n both cases than for the PFB 

plasma polymer, again suggesting l e s s aromatic nature. The 

presence of a Tt-Tr* shake up s a t e l l i t e , however, does i n d i c a t e 

t h a t t here i s some a r o m a t i c i t y i n a l l the polymers, although the 

T T - T T * peak i n t e n s i t y i s not a r e l i a b l e q u a n t i t a t i v e measure. The 

perfluorocyclohexane plasma polymer i s g e n e r a l l y s l i g h t l y more 

a l i p h a t i c i n c h a r a c t e r than t h a t of perfluorocyclohexene, as 

would be expected from the s t r u c t u r e s of the monomers. A l l these 

plasma polymers are b a s i c a l l y s i m i l a r to those reported by Clark 

and Shuttleworth^^'^. 

The p o s i t i v e ion s t a t i c SIMS spectrum of the plasma polymer 

of perfluorocyclohexane i s shown i n f i g u r e 2.10. I t i s b a s i c a l l y 

f a i r l y s i m i l a r to the SIMS spectrum of the PFB plasma polymer 

shown i n f i g u r e 2.8, but there are some d i f f e r e n c e s . The most 

obvious one i s the presence of considerably more high mass 

fragments than i n the PFB spectrum. T h i s may i n d i c a t e l e s s c r o s s -

l i n k i n g i n the perfluorocyclohexane plasma polymer, but i t could 

a l s o be caused by d i f f e r e n c e s i n operating conditions used i n the 

SIMS experiment. There i s no peak i n the SIMS spectrum of plasma 

polymerised perfluorocyclohexane a t 186 a.m.u. corresponding to 
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perfluorobenzene, and the i n t e n s i t i e s of peaks a t 217, 179 and 

167 a.m.u. a r i s i n g from perfluoroalkylbenzene type s t r u c t u r e s , 

a r e low compared to the spectrum from the PFB plasma polymer, 

suggesting l e s s aromatic c h a r a c t e r . A new peak i s present at 

231 a.m.u. corresponding to a C^Fg"^ ion which i s present i n the 

e l e c t r o n impact mass s p e c t r a of perfluorocyclohexanes. The peaks 

from perfluoronaphthalene a t 272, 241 and 203 a.m.u. are present 

w i t h comparatively high i n t e n s i t i e s , as i s the peak a t 205 a.m.u. 

from p e r f l u o r o 1,3 cyclohexadiene. On the b a s i s of t h i s , i t would 

appear t h a t the plasma polymer of perfluorocyclohexane i s s i m i l a r 

t o t h a t of PFB, with a l a r g e number of c y c l i c s t r u c t u r e s . However 

t h e r e seems to be fewer aromatic r i n g s , and more saturated or 

p a r t i a l l y s a t u r a t e d r i n g systems. 

The negative ion SIMS spectrum was dominated by the peak at 

19 a.m.u. corresponding to the F~ ion. U n l i k e the negative ion 

spectrum of the PFB plasma polymer, however, there were a number 

of peaks i n the range 100-200 a.m.u. ( f i g u r e 2.11) which could 

y i e l d some s t r u c t u r a l information. The major peaks are tabulated 

i n t a b l e 2.4 

Table 2.4 Major peaks i n the negative ion SIMS spectrum of plasma 
polymerised perfluorocyclohexane 

A.M.U. Assignment A.M.U. Assignment 

117 C 5 F 3 - 155 C 5 F 5 -

119 C 2 F 5 - 169 C 3 F 7 -

131 C 3 F 5 - 181 C 4 F 7 -

141 C7F3 193 C 5 F 7 -

143 C 4 F 5 -
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Fi g u r e 2.11 Negative Ion SIMS spectrum of plasma polymerised 
perfluorocyclohexane 

A l l of the ions l i s t e d i n t a b l e 2.4 are a l s o present i n the 

neg a t i v e ion SIMS spectrum of PTFE ( f i g u r e 2.12b), although the 

peaks a t 117, 141, 143 and 145 a.m.u. are present i n considerably 

h i g h e r r e l a t i v e i n t e n s i t i e s . These are the peaks containing the 

hig h e r r a t i o s of carbon to f l u o r i n e , so t h e i r i n c r e s e d 

i n t e n s i t i e s probably represent the presence of unsaturated 

s t r u c t u r a l f e a t u r e s . Peaks a t 119, 131, 169, 181 and 193 a.ra.u. 

are a l l i n t e n s e i n the spectrum of PTFE and represent saturated 

a l i p h a t i c fluorocarbon. The perfluorocyclohexane plasma polymer 

t h e r e f o r e c o n t a i n s a con s i d e r a b l e amount of a l i p h a t i c s t r u c t u r e 

i n a d d i t i o n to the aromatic and a l i c y c l i c s t r u c t u r e s found i n the 

p o s i t i v e ion SIMS. The s t r u c t u r e of the polymer i s therefore 

c o n s i d e r a b l y more a l i p h a t i c i n c h a r a c t e r than i s th a t of plasma 

polymerised PFB. 
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Another plasma polymer of perfluorocyclohexane, made under 

s i m i l a r c o n d i t i o n s , was examined by SIMS, with a time of f l i g h t 

a n a l y s e r (TOF SIMS). The p o s i t i v e ion spectrum was s i m i l a r to 

t h a t found u s i n g the quadrupole a n a l y s e r , but a l s o contains 

s i g n i f i c a n t peaks a t 119, 143, 181 and 243 a.m.u.. These peaks 

are a l l p r e s e n t i n the p o s i t i v e ion SIMS spectrum of poly 

( t e t r a f l u o r o e t h y l e n e ) (PTFE), ( f i g u r e 2.12a), and are the r e f o r e 

i n d i c a t i v e of a l i p h a t i c type s t r u c t u r e s . 

The d i f f e r e n c e between t h i s spectrum and t h a t obtained with 

the quadrupole a n a l y s e r i s p o s s i b l y due to s l i g h t d i f f e r e n c e s i n 

the c o n d i t i o n s used i n forming the plasma polymers. I f t h i s i s so 

then plasma c o n d i t i o n s used have a considerably g r e a t e r e f f e c t on 

th e SIMS s p e c t r a of perfluorocyclohexane plasma polymers than on 

those of perfluorobenzene or perfluorotoluene. 
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F i g u r e 2.13 Negative ion TOF SIMS spectrum of plasma polymerised 
perfluorocyclohexane 

71 



The negative ion TOF SIMS spectrum ( f i g u r e 2.13) contained 

many high mass peaks up to a mass of g r e a t e r than 800 a.m.u.. The 

spectrum i s very s i m i l a r to the negative ion SIMS spectrum of 

PTFE ( f i g u r e 2.12 b ) , and must t h e r e f o r e i n d i c a t e a very l a r g e 

amount of a l i p h a t i c fluorocarbon. The presence of fragments of 

high mass i s suggestive of a comparatively low degree of c r o s s -

l i n k i n g . Combining the data from the p o s i t i v e and negative ion 

TOF SIMS s p e c t r a , i t can be proposed t h a t the plasma polymer i s 

b a s i c a l l y a l i p h a t i c perfluorocarbon, with a comparatively low 

degree of c r o s s l i n k i n g , but a l s o contains aromatic, cyclohexene, 

cyclohexane and naphthalene type c y c l i c s t r u c t u r e s . The TOF SIMS 

s p e c t r a a r e f a i r l y s i m i l a r to those obtained from a plasma 

polymer of n-perfluorohexane^^, suggesting t h a t t h i s may be 

f a i r l y t y p i c a l of plasma polymers of a l i p h a t i c perfluorocarbons. 

The p o s i t i v e SIMS spectrum of the perfluorocyclohexene 

plasma polymer obtained using a quadrupole a n a l y s e r , was s i m i l a r 

t o t h a t of perfluorocyclohexane below 200 a.m.u. but contained 

l i t t l e information above t h i s point. D i f f e r e n c e s include the 

presence of a peak a t 119 a.m.u. (CjE^"*") due to a l i p h a t i c 

fluorocarbon, and a small peak a t 143 a.m.u. which i s present i n 

the mass s p e c t r a of perf l u o r o a l k y n e s , 1,3 dienes, cyclohexenes 

and cyclohexanes. There was a very small peak a t 186 a.m.u. 

corresponding to perfluorobenzene. The l a c k of higher mass peaks 

coul d be i n d i c a t i v e of a more c r o s s l i n k e d s t r u c t u r e , but i s more 

l i k e l y to be simply a function of the operating conditions used. 

I n the negative SIMS the only peaks present were a t 12, 19, 24, 

31 and 38 a.m.u. corresponding to C", F~, C-f, CF~ and F2~. 

Again, the l a c k of information a t higher mass i s l i k e l y to be a 
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f u n c t i o n o f o p e r a t i n g c o n d i t i o n s . 

TOF SIMS s p e c t r a o f t h e p e r f l u o r o c y c l o h e x e n e plasma polymer 

c o n t a i n e d c o n s i d e r a b l y more i n f o r m a t i o n . B oth t h e p o s i t i v e and 

n e g a t i v e i o n s p e c t r a a r e almost i d e n t i c a l t o t h a t o f t h e 

p e r f l u o r o c y c l o h e x a n e a p a r t from minor v a r i a t i o n s i n peak 

i n t e n s i t y . The p o s i t i v e i o n spectrum shows masses over 400 a.m.u. 

and t h e n e g a t i v e i o n spectrum shows peaks up t o 600 a.m.u., 

s u g g e s t i n g t h a t t h e polymer i s n o t v e r y t i g h t l y c r o s s l i n k e d . The 

p e r f l u o r o c y c l o h e x e n e plasma polymer i s t h e r e f o r e v e r y s i m i l a r t o 

t h a t o f p e r f l u o r o c y c l o h e x a n e i n g e n e r a l s t r u c t u r e , b u t comparison 

w i t h t h e d a t a o b t a i n e d from XPS would suggest t h a t i t p r o b a b l y 

c o n t a i n s a s l i g h t l y h i g h e r percentage o f a r o m a t i c and o t h e r 

u n s a t u r a t e d g roups, and s l i g h t l y l e s s a l i p h a t i c f l u o r o c a r b o n . 

2.3.4 SIMS A n a l y s i s o f Plasma Po l y m e r i s e d Benzene and Naphthalene 

A plasma polymer o f benzene was p r e p a r e d u s i n g a power o f 15 

w a t t s , a p r e s s u r e o f 0.1 t o r r and a f l o w r a t e o f 1.5 cm^/min, and 

a n a l y s e d u s i n g s t a t i c SIMS w i t h a gua d r u p o l e a n a l y s e r . The 

p o s i t i v e i o n spectrum i s shown i n f i g u r e 2.14. F i g u r e 2.15 shows 

a p o s i t i v e i o n SIMS spectrum o f p o l y s t y r e n e , and comparison o f 

t h i s w i t h t h e spectrum o f t h e plasma polymer shows t h a t t h e y are 

v i r t u a l l y i d e n t i c a l . I t i s n o t l i k e l y however, t h a t a benzene 

plasma polymer i s i d e n t i c a l t o p o l y s t y r e n e . Plasma polymers 

g e n e r a l l y have a random, h i g h l y c r o s s l i n k e d s t r u c t u r e , u n l i k e t h e 

r e g u l a r r e p e a t u n i t s found i n c o n v e n t i o n a l polymers. L i k e o t h e r 

plasma p o l y m e r s , and u n l i k e p o l y s t y r e n e , t h e benzene plasma 
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polymer i s brown coloured, o x i d i s e s r a p i d l y i n a i r (due to 

trapped f r e e r a d i c a l s ) , and i s i n s o l u b l e i n organic solvents. The 

most l i k e l y s t r u c t u r e f o r plasma polymerised benzene c o n s i s t s of 

aromatic r i n g s and other c y c l i c s t r u c t u r e s joined by short a l k y l 

c h a i n s ; i . e . s i m i l a r to the s t r u c t u r e proposed f o r 

perfluorobenzene and perfluorotoluene plasma polymers, and by 

Kaplan and D i l k s f o r plasma polymerised toluene"^. The SIMS 

spectrum obtained i s probably t y p i c a l of a l l polymers with a l k y l 

benzene type s t r u c t u r e s . T h i s demonstrates t h a t SIMS can not be 

r e l i e d upon to give unique " f i n g e r p r i n t " spectra for a l l 

m a t e r i a l s . 

The p o s i t i v e ion SIMS spectrum of plasma polymerised 

naphthalene i s shown i n f i g u r e 2.16. This i s quite unlike the 
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^ i ^ ^ ^ ^ 2-16 P o s i t i v e ion SIMS spectrum of plasma polymerised 

naphthalene 
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s p e c t r a f o r plasma p o l y m e r i s e d benzene and p o l y s t y r e n e , and i s 

a l s o n o t t h e same as t h e p o s i t i v e i o n SIMS spectrum o f p o l y 2-

v i n y l n a p h t h a l e n e ( w h i c h i s s i m i l a r t o t h a t o f p o l y s t y r e n e ) . 

Above about 100 a.m.u. peaks a r e observed a t almo s t a l l masses o f 

odd number (even numbered hydrocarbon masses a r e f r e e r a d i c a l s 

and hence l e s s s t a b l e ) , s u g g e s t i n g a wide range o f s a t u r a t e d and 

u n s a t u r a t e d h y d r o c a r b o n e n v i r o n m e n t s . The low i n t e n s i t i e s o f 

t h e s e peaks may be i n d i c a t i v e o f a h i g h degree o f c r o s s - l i n k i n g . 

2.3.5 S u r f a c e P h o t o p o l y m e r i s a t i o n o f P e r f l u o r o t o l u e n e 

Munro and T i l l ^ produced a s u r f a c e photopolymer o f 

p e r f l u o r o b e n z e n e , v e r y s i m i l a r t o t h e plasma polymer, u s i n g an 

arg o n plasma as a source o f vacuum u l t r a v i o l e t r a d i a t i o n , and 

c a l c i u m f l u o r i d e ( c u t s o u t wavelengths below 120 nm) as a window 

m a t e r i a l . Since t h e plasma polymers o f p e r f l u o r o t o l u e n e (PFT) and 

PFB have been shown t o be v e r y s i m i l a r , a t t e m p t s were made t o 

r e p e a t t h i s e x p e r i m e n t w i t h PFT. L i t t l e o r no polymer was found 

i n t h e s e e x p e r i m e n t s , a l t h o u g h a v e r y s m a l l amount o f 

f l u o r o c a r b o n , i n a s u f f i c i e n t range o f environments t o be 

d i f f e r e n t f rom adsorbed monomer, was d e t e c t e d by XPS i n some 

cases. T h i s m i g h t suggest t h a t p e r f l u o r o t o l u e n e forms a vacuum UV 

pho t o p o l y m e r much l e s s r e a d i l y t h a n p e r f l u o r o b e n z e n e , b u t s i m i l a r 

e x p e r i m e n t s w i t h PFB a l s o produced l i t t l e o r no polymer. However, 

when t h e s e e x p e r i m e n t s were r e p e a t e d u s i n g a n i t r o g e n plasma as a 

l i g h t s o urce i n s t e a d o f an argon plasma, s u r f a c e photopolymers 

were formed f r o m b o t h PFB and PFT. 

The e x p l a n a t i o n f o r t h i s can be found by c o n s i d e r i n g t h e 
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w a v e l e n g t h s o f u v l i g h t e m i t t e d by argon and n i t r o g e n plasmas^^. 

The main e m i s s i o n l i n e s f r o m an argon plasma i n t h e vacuum UV 

r e g i o n o c c u r a t 1 0 4 . 8 and 1 0 6 . 6 nm, below t h e c u t o f f wavelength 

o f t h e c a l c i u m f l u o r i d e window (120 nm), and t h e r e i s no e m i s s i o n 

i n t h e range 1 2 0 - 2 0 0 nm f r o m a pure argon plasma a t low p r e s s u r e . 

The main n i t r o g e n e m i s s i o n l i n e s c o n s i s t o f two d o u b l e t s a t 1 4 9 . 3 

and 1 4 9 . 5 nm, and a t 1 7 4 . 3 and 1 7 4 . 5 nm. These a r e wavelengths 

t h a t a r e t r a n s m i t t e d t h r o u g h t h e c a l c i u m f l u o r i d e window, and 

hence pho t o p o l y m e r s formed w i t h a n i t r o g e n plasma b u t n o t w i t h an 

argon plasma. The f o r m a t i o n o f photopolymers i n t h e o r i g i n a l 

e x p e r i m e n t s w i t h PFB by Munro and T i l l , and t o a l e s s e r e x t e n t i n 

t h e e x p e r i m e n t s above, must be due t o a l e a k o f a i r i n t o t h e 

a r g o n plasma. T h i s w o u l d cause e m i s s i o n from n i t r o g e n and oxygen 

w h i c h c o u l d p e n e t r a t e t h e c a l c i u m f l u o r i d e and so enable t h e PFB 

t o p h o t o p o l y m e r i s e . 

The C-|̂ g XPS spectrum o f a t y p i c a l s u r f a c e photopolymer o f 

PFT formed u s i n g a n i t r o g e n plasma, c a l c i u m f l u o r i d e window and a 

monomer vapour p r e s s u r e o f 0 . 2 t o r r , i s shown i n f i g u r e 2 . 1 7 . I t 

can be seen t h a t t h e r e i s a s i g n i f i c a n t component peak a t 285 eV 

( 17 .5% o f t h e C-j^g) c o r r e s p o n d i n g t o hydrocarbon c o n t a m i n a t i o n . 

The s o u r c e o f t h i s becomes c l e a r when t h e Al2p c o r e l e v e l r e g i o n 

i s examined, and f o u n d t o c o n t a i n a s m a l l peak a r i s i n g from t h e 

a l u m i n i u m f o i l s u b s t r a t e . A l t h o u g h cleaned beforehand i n a 100 

w a t t oxygen plasma, i t was n o t u s u a l l y p o s s i b l e t o remove a l l t h e 

h y d r o c a r b o n c o n t a m i n a t i o n on t h e s u r f a c e o f t h e f o i l . Since t h e 

PFT p h o t o p o l y m e r i s t h i n enough f o r t h e XPS t o r e v e a l t h e f o i l , 

t h e n t h e h y d r o c a r b o n i s a l s o r e v e a l e d . A s i g n a l i s a l s o seen i n 

t h e O-̂ g r e g i o n a r i s i n g f r o m aluminium o x i d e a t t h e f o i l s u r f a c e . 
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BE (eV) 

F i g u r e 2.17 XPS C l s spectrum o f a PFT photopolymer formed u s i n g 
^ an N2 plasma w i t h a CaF2 window 

Comparison o f t h e C-^^ spectrum o f t h e PFT photopolymer w i t h 

t h a t o f a low W/F plasma polymer ( f i g u r e 2 . 5 ( a ) ) shows a g r e a t 

d e a l o f s i m i l a r i t y between t h e two. I f t h e hydroc a r b o n 

c o n t r i b u t i o n i s i g n o r e d t h e n t h e r e l a t i v e s i z e s o f t h e component 

peaks i n t h e plasma and photopolymers a r e as shown i n t a b l e 2.5. 

The c o m p a r a t i v e l y l a r g e s i z e o f t h e peak a s s i g n e d t o C-CF 

e n v i r o n m e n t s i n t h e photopolymer may be due i n p a r t t o a s m a l l 

amount o f C-0, w h i c h o c c u r s a t about t h e same b i n d i n g energy, 

a r i s i n g f r o m t h e c o n t a m i n a t i o n on t h e s u r f a c e o f t h e f o i l . I f 

t h i s were t o be e l i m i n a t e d , t h e n t h e s p e c t r a would be almost 

i d e n t i c a l , w i t h o n l y s l i g h t l y more o f t h e more f l u o r i n a t e d 

e n v i r o n m e n t s p r e s e n t i n t h e plasma polymer. 
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T a b l e 2.5 Comparison o f C s p e c t r a o f a low W/F plasma polymer 
and a s u r f a c e pfiotopolvmer o f PFT 

% o f Cj^s 
Type o f low W/F s u r f a c e 

e n v i ronment plasma polymer photopolymer 
C-CF 24 32 

CF 44 43 

CF-CFj^ 8 . 6 

CF2 11 8 

C F 3 9 8 

TT-TT* 3 2 
shake up 

The s i m i l a r i t y between t h e photopolymer and t h e plasma 

polymer suggests t h a t , a t l e a s t under low power and h i g h f l o w 

r a t e c o n d i t i o n s , t h e plasma p o l y m e r i s a t i o n proceeds v i a e x c i t e d 

s t a t e c h e m i s t r y . There i s a c o n s i d e r a b l e d i f f e r e n c e , however, i n 

t h e d e p o s i t i o n r a t e s o f t h e two polymers. The f a c t t h a t t h e 

u n d e r l y i n g s u b s t r a t e was s t i l l v i s i b l e by XPS a f t e r 2 hours 

i r r a d i a t i o n means t h a t t h e s u r f a c e photopolymer was o n l y about 

40A t h i c k . The low W/F plasma polymer was c o n s i d e r a b l y t h i c k e r 

t h a n t h i s a f t e r o n l y f i v e m i n utes. One reason f o r t h i s might be 

t h a t t h e photo n f l u x from t h e n i t r o g e n plasma may be t o o low t o 

produce t h e same c o n c e n t r a t i o n o f e x c i t e d species as are formed 

i n t h e plasma by e l e c t r o n impact. T h i s would a l s o e x p l a i n why the 

polymer formed was l i k e a low W/F, r a t h e r t h a n a h i g h W/F plasma 

polymer. I t i s a l s o p o s s i b l e however, t h a t some i o n c h e m i s t r y i s 

i n v o l v e d i n t h e plasma p o l y m e r i s a t i o n (e.g. t h e t r o p y l i u m c a t i o n 

proposed by Kaplan and D i l k s ^ ) , b u t does n o t s i g n i f i c a n t l y a l t e r 
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t h e n a t u r e o f t h e polymer formed. 

I n o r d e r t o t r y t o d e t e r m i n e t h e n a t u r e o f t h e e x c i t e d s t a t e 

i n v o l v e d i n t h e s u r f a c e p h o t o p o l y m e r i s a t i o n , and hence t h e plasma 

p o l y m e r i s a t i o n , o f PFT, experiments were c a r r i e d o u t u s i n g 

d i f f e r e n t c o m b i n a t i o n s o f l i g h t source and window. The vacuum UV 

a b s o r p t i o n s p ectrum o f PFT i s s i m i l a r t o t h a t o f PFB^° shown i n 

f i g u r e 2.18, and c o n t a i n s S j and S3 e x c i t e d s t a t e s c e n t r e d a t 198 

and 178 nm, and a s e r i e s o f Rydberg s t a t e s . The f i r s t i o n i s a t i o n 

p o t e n t i a l o c c u r s a t 12 6 nm, and so i t i s j u s t p o s s i b l e t h a t a 

v e r y s m a l l amount o f i o n i s i n g r a d i a t i o n c o u l d p e n e t r a t e t h e 

c a l c i u m f l u o r i d e window, b u t a n i t r o g e n plasma s h o u l d produce 

v e r y l i t t l e r a d i a t i o n i n t h e 120-126 nm range u n l e s s t h e r e i s a 

h y d r o g e n i m p u r i t y . 

1 
12 h -

f 9 
3 

6 h -

45 

X 0 . 2 5 

HEXAFLUORQBENZENE 

8 = 0.65 I 

r-^-S 8=1.15' 

VrVrrH 
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FREQUENCY Cm ' 'xiO^ 

F i g u r e 2.18 Vacuum UV a b s o r p t i o n spectrum o f P e r f l u o r o b e n z e n e 
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U s i n g a c o m b i n a t i o n o f a q u a r t z window ( c u t o f f = 180 nm) 

and a n i t r o g e n plasma no polymer c o u l d be produced. T h i s i s 

perhaps n o t v e r y s u r p r i s i n g as a n i t r o g e n plasma e m i t s l i t t l e 

r a d i a t i o n i n t h e 180-200 nm range, b u t s i n c e a c o n s i d e r a b l e 

amount o f r a d i a t i o n above 200 nm would be p r e s e n t , i t does show 

t h a t vacuum UV i s r e q u i r e d t o form a PFT photopolymer. 

R e p l a c i n g t h e q u a r t z window w i t h one o f s u p r a s i l ( c u t o f f = 

160 nm) , a v e r y s m a l l amount o f photopolymer was produced a f t e r 2 

h o u r s i r r a d i a t i o n . T h i s was o n l y j u s t d e t e c t a b l e by XPS, i t s 

pre s e n c e b e i n g shown by a s m a l l amount o f CF2 o b s e r v a b l e i n t h e 

^ I s s p e c t r u m ( f i g u r e 2.19). Other f l u o r o c a r b o n environments 

p r e s e n t a r e a l s o p r o b a b l y p a r t o f t h e polymer, b u t c o u l d a l s o 

a r i s e f r o m adsorbed monomer. T h i s polymer must have a r i s e n from 

t h e r a d i a t i o n a t 174 nm, and so from t h e S3 s t a t e o f PFT. The 

r e a s o n f o r t h e v e r y low d e p o s i t i o n r a t e i s p r o b a b l y due t o t h e 

f a c t t h a t t h e t r a n s m i s s i o n o f l i g h t a t t h i s w avelength 

t h r o u g h t h e s u p r a s i l window i s o n l y p a r t i a l , and so t h e UV 

i n t e n s i t y r e a c h i n g t h e PFT must be v e r y low. 

U s i n g a low p r e s s u r e mercury a r c lamp ( e m i t t i n g a t 185 nm) 

i n c o m b i n a t i o n w i t h s u p r a s i l produced a s u r f a c e photopolymer a t a 

d e p o s i t i o n r a t e comparable t o t h a t w i t h a n i t r o g e n plasma and 

c a l c i u m f l u o r i d e window. The XPS C-ĵ g spectrum o f t h i s polymer i s 

shown i n f i g u r e 2.20. The spectrum i s s i m i l a r t o t h e photopolymer 

produced u s i n g t h e n i t r o g e n plasma, b u t seems t o c o n t a i n more CF-

CF^ and l e s s CF en v i r o n m e n t s which may i n d i c a t e a decrease i n t h e 

a r o m a t i c i t y o f t h e polymer. The polymer a t 185 nm must have been 

formed v i a t h e 83 e x c i t e d s t a t e , which p r o b a b l y t h e n underwent a 
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CF-CF , 

290 285 

BE(eV) 
F i g u r e 2.19 XPS C-ĵ g spectrum o f a PFT photopolymer formed u s i n g a 

n i t r o g e n plasma and s u p r a s i l window 

TT-TT 

2 9 5 2 9 0 2 8 5 

B E ( G V ) 

F i g u r e 2.20 XPS C-|̂g spectrum o f a PFT photopolymer formed a t 
185 nm 
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c o l l a p s e t o an SQ"^ v i b r a t i o n a l l y e x c i t e d ground s t a t e , as 

p r o p o s e d by Ward and Wishnok^° f o r benzene. The reason f o r t h e 

s l i g h t d i f f e r e n c e between t h i s and t h e polymer formed w i t h t h e 

n i t r o g e n plasma c o u l d be due t o t h e p a r t i c i p a t i o n o f a Rydberg 

s t a t e i n t h e l a t t e r case, a c t i v a t e d by t h e second n i t r o g e n 

e m i s s i o n l i n e a t 149 nm. Polymer f o r m a t i o n has been observed 

p r e v i o u s l y i n t h e p h o t o l y s i s o f benzene a t 147 nm̂ -"-. As t h e 

vacuum UV a b s o r p t i o n spectrum o f benzene i s s i m i l a r t o t h a t o f 

p e r f l u o r o b e n z e n e and p e r f l u o r o t o l u e n e ^ ^ , t h i s polymer must have 

been formed v i a a Rydberg s t a t e . The plasma p o l y m e r i s a t i o n o f PFT 

t h e r e f o r e p r o b a b l y proceeds v i a b o t h t h e S3 and Rydberg s t a t e s . 

2.4 SUMMARY 

Plasma polymers o f PFT and PFB a r e composed m a i n l y o f a 

p e r f l u o r i n a t e d a l k y l benzene t y p e s t r u c t u r e , w i t h benzene r i n g s 

l i n k e d t o g e t h e r by v e r y s h o r t a l k y l c h a i n s . The polymers a l s o 

c o n t a i n p e r f l u o r o naphthalene, c y c l o h e x a d i e n e , cyclohexene and 

c y c l o h e x a n e r i n g s , i n a h i g h l y c r o s s l i n k e d network. SIMS a n a l y s i s 

can d e t e c t no changes i n t h e plasma polymers made under d i f f e r e n t 

c o n d i t i o n s , b u t XPS shows t h a t a t low power and h i g h f l o w r a t e 

t h e p o lymer c o n t a i n s a h i g h p e r c e n t a g e o f a r o m a t i c t y p e s p e c i e s , 

w h i l e a t h i g h power and low f l o w r a t e t h e r e a r e more a l i p h a t i c 

s p e c i e s (e.g. C F 2 groups) p r e s e n t . 

Plasma polymers o f p e r f l u o r o c y c l o h e x e n e and 

p e r f l u o r o c y c l o h e x a n e appear t o c o n t a i n s i m i l a r a l k y l benzene, 

n a p h t h a l e n e , c y c l o h e x a d i e n e , cyclohexene and cyclohexane t y p e 

s t r u c t u r e s . These a r e however p r e s e n t omly i n c o m p a r i t i v e l y s m a l l 
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q u a n t i t i e s , t h e b u l k o f t h e s e plasma polymers b e i n g made up o f 

a l i p h a t i c f l u o r o c a r b o n . The polymers a r e p r o b a b l y l e s s 

c r o s s l i n k e d t h a n t h e plasma polymers o f PFB and PFT. A l t h o u g h n o t 

f u l l y i n v e s t i g a t e d , i t appears t h a t , u n l i k e PFB and PFT, t h e 

p e r f l u o r o c y c l o h e x a n e plasma polymers made under d i f f e r e n t 

c o n d i t i o n s may g i v e d i f f e r e n t SIMS s p e c t r a . The plasma polymer o f 

p e r f l u o r o c y c l o h e x e n e appears by XPS t o c o n t a i n s l i g h t l y l e s s 

a l i p h a t i c and more a r o m a t i c s t r u c t u r e t h a n t h a t o f 

p e r f l u o r o c y c l o h e x a n e . 

Plasma p o l y m e r i s e d benzene appears by SIMS t o be t h e same as 

p o l y s t y r e n e , b u t t h e a c t u a l s t r u c t u r e i s more l i k e l y t o be o f t h e 

p o l y a l k y l benzene t y p e , s i m i l a r t o t h e PFB plasma polymer. 

L i k e PFB, PFT can for m a s u r f a c e photopolymer s i m i l a r t o a 

plasma polymer from vacuum UV i r r a d i a t i o n , i n d i c a t i n g t h a t t h e 

plasma p o l y m e r i s a t i o n can proceed v i a e x c i t e d s t a t e s and t h a t i o n 

c h e m i s t r y i s n o t n e c e s s a r i l y r e q u i r e d . The photopolymer can be 

produced t h r o u g h i n i t i a l e x c i t a t i o n t o t h e S3 s t a t e , p r o b a b l y 

f o l l o w e d by c o l l a p s e t o a h i g h l y v i b r a t i o n a l l y e x c i t e d ground 

s t a t e , b u t i t i s l i k e l y t h a t Rydberg s t a t e s a l s o p l a y a r o l e i n 

t h e plasma p o l y m e r i s a t i o n . 
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CHAPTER 3 

A MASS SPECTRAL ANALYSIS OF POLYMERISING BENZENE 

AND PERFLUOROBENZENE PLASMAS 
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3.1 INTRODUCTION 

A f u l l u n d e r s t a n d i n g o f t h e mechanisms i n v o l v e d i n plasma 

p o l y m e r i s a t i o n c annot be o b t a i n e d w i t h o u t some a n a l y s i s o f t h e 

s p e c i e s p r e s e n t i n t h e gas phase o f t h e plasma. There are a 

v a r i e t y o f d i a g n o s t i c t e c h n i g u e s a v a i l a b l e which can p r o v i d e 

i n f o r m a t i o n c o n c e r n i n g t h e c o m p o s i t i o n o f a plasma; e.g. 

v i s i b l e / U V o p t i c a l e m i s s i o n s p e c t r o s c o p y ^ , l a s e r induced 

f l u o r e s c e n c e ^ , i n f r a r e d absorption-^ and e l e c t r o n probe methods^. 

More i n f o r m a t i o n about t h e s e t e c h n i g u e s can be found i n c h a p t e r 

1. The most u s e f u l d i a g n o s t i c method however, i s p r o b a b l y plasma 

mass s p e c t r o s c o p y . T h i s i n v o l v e s t h e attachment o f a mass 

s p e c t r o m e t e r t o t h e plasma chamber and t h e sampling o f species 

f r o m t h e plasma t h r o u g h a s m a l l h o l e . T h i s can p r o v i d e d i r e c t 

i n f o r m a t i o n about t h e i o n i c s p e c i e s p r e s e n t i n t h e plasma, and i f 

an i o n i s a t i o n chamber i s used t h e n e u t r a l s p e c i e s from t h e plasma 

can a l s o be i n v e s t i g a t e d . From t h i s a c l e a r p i c t u r e o f t h e 

c o m p o s i t i o n o f a plasma can be o b t a i n e d . 

Mass s p e c t r o s c o p y has been used p r e v i o u s l y t o examine t h e 

c o m p o s i t i o n o f p o l y m e r i s i n g plasmas o f a number o f compounds. I n 

plasmas o f methane hydrocarbon s p e c i e s c o n t a i n i n g up t o seven 

c a r b o n atoms have been observed i n t h e plasma^'^, i n d i c a t i n g t h a t 

c o n s i d e r a b l e o l i g o m e r i s a t i o n o ccurs i n t h e gas phase, and t h a t 

p o l y m e r i s a t i o n r e a c t i o n s a r e n o t c o n f i n e d t o t h e s u r f a c e . V a s i l e 

and S m o l i n s k y ^ c o r r e l a t e d t h e abundances o f c e r t a i n gas phase 

s p e c i e s w i t h t h e polymer d e p o s i t i o n r a t e and concluded t h a t i o n i c 

s p e c i e s such as C2H3"'", C2H2''", CH3"'", CH2"'" and CH'*' had t h e g r e a t e s t 

i n f l u e n c e on t h e r a t e o f polymer f o r m a t i o n , w h i l e t h e n e u t r a l 

s p e c i e s such as CH^, C2H2, ^2^4 ^2^6 ^̂ '̂  l e a s t i n f l u e n c e . 
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I t was a l s o noted t h a t the composition of the plasma v a r i e d 

depending on whether the sample was taken from c l o s e t o the 

e l e c t r o d e s or c l o s e to the w a l l s of the chamber. Mass 

s p e c t r o s c o p i c s t u d i e s of ethylene^, a c e t y l e n e ^ a n d 

tetrafluoroethylene-'-^ plasmas a l s o showed the formation of 

ol i g o m e r i c s p e c i e s i n the gas phase, although t h a t of a 

v i n y l t r i m e t h y l s i l a n e plasma d i d not-^-^. I n c o n t r a s t to the methane 

and other hydrocarbon systems, the formation of polymer i n the 

case of t e t r a f l u o r o e t h y l e n e appeared to be dominated by neu t r a l 

s p e c i e s r a t h e r than p o s i t i v e ions. The i o n i c s p e c i e s observed 

were thought to d e r i v e from e l e c t r o n impact i o n i s a t i o n of neutral 

s p e c i e s i n the plasma, or from s p u t t e r i n g of the polymer on the 

w a l l s of the r e a c t o r , and to not be an i n t e g r a l p a r t of the 

p o l y m e r i s a t i o n process. 

I n t h i s chapter the mass s p e c t r a of three plasma systems are 

examined: (a) benzene, (b) perfluorobenzene and (c) a 

benzene/perfluorobenzene mixture. Mass s p e c t r a of benzene plasmas 

have been examined previously-^^' •'••̂  and have shown t h a t there are 

a c o n s i d e r a b l e number of dimeric products present i n the p o s i t i v e 

ion spectrum, but a t higher mass l i t t l e was observed apart from a 

few very low i n t e n s i t y peaks up to a mass of about 400 a.m.u.-"-̂ . 

The n e u t r a l mass spectrum was dominated by the CgHg peak at 78 

a.m.u., which l e d to s p e c u l a t i o n by V a s i l e and Smolinsky-'--^ that 

benzene might be polymerising v i a isomers such as fulvene formed 

through e x c i t e d s t a t e chemistry. T h i s i s s i m i l a r to the mechanism 

proposed by Munro and T i l l f o r perfluorobenzene^'^ and a l s o 

c o n s i d e r e d f o r p e r f l u o r o t o l u e n e i n chapter 2. 

A perfluorobenzene plasma has not been examined p r e v i o u s l y 
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by mass spectroscopy, but o p t i c a l emission s t u d i e s have shown the 

presence of CF2 r a d i c a l s and r a d i c a l c a t i o n s ^ ^ . The s p e c i e s 

d e t e c t e d by mass spectroscopy a r e compared with those observed i n 

the benzene plasma, and a l s o with the SIMS a n a l y s i s of a PFB 

plasma polymer d i s c u s s e d i n chapter 2. T h i s might show whether 

the s p e c i e s detected i n the gas phase are incorporated in t o the 

polymer, or merely occur as v o l a t i l e products. 

Mixtures of benzene and perfluorobenzene have been found to 

copolymerise when subjected to a p l a s m a T h e polymer formed i s 

not simply a mixture of the plasma polymers of benzene and PFB, 

which would be the case i f the two monomers were j u s t co-

d e p o s i t i n g , but i s d i f f e r e n t from both. T h i s i m p l i e s t h a t there 

must be some s o r t of i n t e r a c t i o n between the two i n the plasma. 

Mass s p e c t r o s c o p i c a n a l y s i s of the copolymerising plasma should 

show whether or not t h i s i s the case, and might give some 

i n d i c a t i o n as to the nature of any i n t e r a c t i o n s . For f u r t h e r 

information about plasma copolymerisation see chapter 5. 

3.2 EXPERIMENTAL 

The experiments were c a r r i e d out i n a s t a i n l e s s s t e e l vacuum 

chamber evacuated to a base pressure of approximately 10~^ t o r r 

by a d i f f u s i o n pump. Monomer vapour was admitted to the chamber 

v i a a needle v a l v e to the d e s i r e d pressure, which was measured 

u s i n g a baratron pressure gauge. RF power was applie d to an 

e l e c t r o d e i n the plasma chamber and the plasma was balanced using 

a matching network. Species from the plasma were sampled through 
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F i g u r e 3.1 A schematic diagram of the plasma sampling quadrupole 
mass spectroscopy system 
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F i g u r e 3.2 I n t e r n a l s t r u c t u r e of the SXP300/CMA mass spectrometer 
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a s m a l l hole i n a probe which could be moved towards or away from 

the RF e l e c t r o d e , and could thus sample d i f f e r e n t regions of the 

plasma. T h i s probe was attached to a 0-300 a.m.u. quadrupole mass 

spectrometer ( f i g u r e 3.2) which was maintained a t a pressure of 

about 10"^ t o r r by a turbomolecular pump. Ions from the plasma 

were focused through mass and energy a n a l y s e r s onto an e l e c t r o n 

m u l t i p l i e r , the s i g n a l from which was a m p l i f i e d and passed to an 

IBM PC computer where the r e s u l t s were d i s p l a y e d . Neutral s p e c i e s 

from the plasma could be analysed by using e l e c t r o n impact 

i o n i s a t i o n i n an ion source chamber before the a n a l y s e r to 

produce p o s i t i v e ions which could be detected by the e l e c t r o n 

m u l t i p l i e r . I n order to avoid ions from the plasma a l s o being 

detected, the ion focusing l e n s was earthed while a n a l y s i n g 

n e u t r a l s p e c i e s . Negative ions could unfortunately not be 

dete c t e d using t h i s system. 

For the copolymerisation experiment the two monomer vapours 

were mixed before they entered the plasma chamber. Unfortunately 

the r a t i o of the two i n the monomer feed could not be determined 

a c c u r a t e l y , but was approximately 1:1. Perfluorobenzene and 

benzene were s u p p l i e d by A l d r i c h and degassed before use. 

Deposition of polymer from the plasmas being analysed 

e v e n t u a l l y l e d to the problem of the sampling hole becoming 

blocked. Some polymer could be removed by i g n i t i n g an oxygen 

plasma i n the chamber, but i f there was a la r g e amount of polymer 

to be removed, the apparatus had to be taken apart and cleaned. 

P a r t i a l b l o c k i n g of the sampling hole a f f e c t e d some of the 

cop o l y m e r i s a t i o n experiments r e s t r i c t i n g the number of ions which 

could be sampled. 
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3 ^ RESULTS AND DISCUSSION 

3.3.1 Benzene 

a) P o s i t i v e Ions 

The p o s i t i v e i o n mass spectrum of a benzene plasma with a 

power of 50 watts and a pr e s s u r e of 0.04 t o r r i s shown i n fi g u r e 

3.3. T h i s spectrum was taken with the probe i n an intermediate 

p o s i t i o n between the edge of the plasma and the RF electrode, but 

s i n c e l i t t l e v a r i a t i o n was observed between d i f f e r e n t probe 

p o s i t i o n s i t can be taken to be r e p r e s e n t a t i v e of the plasma as a 

whole. The spectrum was taken of ions with an energy of 22 eV, 

s i n c e t h i s i s the po i n t a t which the ion energy d i s t r i b u t i o n 

(observed f o r CgHg"*" ions) reached a maximum ( f i g u r e 3.4). The 

ion e n e r g i e s measured are probably not the same as those of ions 

i n the plasma, as t h e r e i s probably some a c c e l e r a t i o n of the ions 

i n the sheath between the plasma and the probe. 

By f a r the most abundant ion observed was the molecular ion 

of benzene a t 78 a.m.u.. C l u s t e r s of peaks were observed for 

fragments corresponding to C2Hĵ "'' up to C-^2^n^ • '^^e most prominent 

peaks a r e l i s t e d on t a b l e 3.1. The ions with masses of l e s s than 

78 a.m.u. could simply a r i s e from e l e c t r o n impact on benzene or 

other molecules i n the plasma, but the s p e c i e s detected with 7-12 

carbon atoms are c l e a r l y the products of r e a c t i o n s i n the plasma, 

and may r e p r e s e n t i n i t i a l stages of polym e r i s a t i o n . Among the 

major ions detected i n t h i s region were the molecular ions of 

toluene, naphthalene and biphenyl a t 92, 128 and 154 a.m.u. 

r e s p e c t i v e l y . These and most of the other ions detected have 

hydrogen to carbon r a t i o s of 1 or s l i g h t l y l e s s , i n d i c a t i n g a 

high l e v e l of u n s a t u r a t i o n and suggesting t h a t the aromatic 
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T a b l e 3.1 P r i n c i p a l Ions i n the Mass Spectrum of a Benzene Plasma 

A.M.U. 

39 

52 

78 

92 

102 

116 

128 

154 

155 

156 

Assignment 

C3H3-

C4H4-

C6H6 + 

C^Hg 

C8"6 + 

+ CgHg 

^10^8 + 

^12^10 

^12^11 

^12^12 

+ 

+ 

+ 

Benzene fragment 

Benzene molecular ion 

Toluene molecular ion 

Naphthalene molecular ion 

Biphenyl molecular ion 

c h a r a c t e r of the monomer i s being l a r g e l y r e t a i n e d . P a r t i a l 

s a t u r a t i o n of the aromatic r i n g s i s seen i n some ions of low 

i n t e n s i t y , e.g. 02^2^14^ mass 158. 

There a r e very few ions a t masses of g r e a t e r than 160 

a.m.u., sugge s t i n g t h a t l i t t l e more than d i m e r i s a t i o n takes place 

i n the gas phase and t h a t f u r t h e r p o l y m e r i s a t i o n must occur 

mainly on the s u r f a c e . There are some low i n t e n s i t y peaks a t 

hi g h e r masses, e.g. i n c l u s t e r s around 167, 180, 193 and 205 

a.m.u. corresponding to s p e c i e s with 13 to 16 carbon atoms. T h i s 

shows t h a t some f u r t h e r p o l y m e r i s a t i o n i s ta k i n g place i n the gas 

phase v i a p o s i t i v e ions, but very l i t t l e . 

Reducing the plasma power to 20 watts produced very l i t t l e 
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change i n the p o s i t i v e ion spectrum, although no ions a t masses 

of g r e a t e r than 160 a.m.u. were observed i n t h i s case. This was 

probably because t h e i r i n t e n s i t i e s became too low, and suggests 

t h a t l e s s p o l y m e r i s a t i o n takes p l a c e i n the gas phase a t low 

powers. A 50 watt plasma of benzene a t 0.02 t o r r , showed the same 

peaks as the 50 watt, 0.04 t o r r plasma, but the i n t e n s i t i e s of 

the low mass fragments, e s p e c i a l l y C^ s p e c i e s , were increased i n 

r e l a t i o n t o those of the higher mass fragments. The higher 

e n e r g i e s a v a i l a b l e per molecule appear to i n c r e a s e the amount of 

fragmentation i n t h i s case. 

b) Neutral S p e c i e s 

The mass s p e c t r a taken of n e u t r a l s p e c i e s from a 50 

watt, 0.02 t o r r plasma, using low e l e c t r o n impact i o n i s a t i o n 

energy (13 eV) showed only a CgHg peak a t 78 a.m.u.. I f any other 

n e u t r a l s p e c i e s occur i n the plasma i t can only be i n very small 

q u a n t i t i e s , although isomers of benzene, such as fulvene, may be 

pre s e n t . There does not th e r e f o r e appear to be any s i g n i f i c a n t 

amount of po l y m e r i s a t i o n i n the gas phase v i a e x c i t e d s t a t e or 

r a d i c a l chemistry. T h i s i s i n some disagreement with the 

obs e r v a t i o n t h a t benzene can form a s u r f a c e photopolymer-*-^'•'•^, 

which must occur through e x c i t e d s t a t e s which can be accessed i n 

the plasma. Therefore e i t h e r the photopolymerisation must occur 

e n t i r e l y on the s u r f a c e and not i n the gas phase, or n e u t r a l 

polymer forming s p e c i e s are present i n the plasma, but i n 

co n c e n t r a t i o n s so small t h a t they were not detected. The plasma 

p o l y m e r i s a t i o n of benzene, or a t l e a s t the p a r t t h a t takes place 
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i n the gas phase, t h e r e f o r e appears to be dominated by ion 

chemistry, w i t h r a d i c a l and e x c i t e d s t a t e chemistry playing 

l i t t l e or no p a r t . 

The p o s i t i v e ion s p e c t r a are very s i m i l a r to those observed 

p r e v i o u s l y f o r b e n z e n e ^ ^ ' , but the n e u t r a l s p e c t r a observed by 

Niinomi and Yanigahara-'-^ showed many peaks corresponding both to 

benzene fragments and oligomeric s p e c i e s . T h i s i s very d i f f e r e n t 

from the p r e s e n t observation, which could be due e i t h e r to 

d i f f e r e n t plasma c o n d i t i o n s used or the f a c t t h a t the previous 

spectrum was of a mixed benzene/argon plasma, r a t h e r than of pure 

benzene. I t may be th e r e f o r e t h a t under c e r t a i n conditions 

n e u t r a l s p e c i e s do play a s i g n i f i c a n t r o l e i n the 

i n i t i a l gas phase r e a c t i o n s c o n t r i b u t i n g to polymerisation. 

3.3.2 Perfluorobenzene 

a) P o s i t i v e Ions 

The p o s i t i v e ion mass spectrum of a 50 watt, 0.024 t o r r PFB 

plasma polymer i s shown i n f i g u r e 3.4. T h i s spectrum was taken 

u s i n g io n s of 27 eV energy, which a t the maximum of the ion 

energy d i s t r i b u t i o n f o r CF'*' ions (used as a guide s i n c e the 

molecular ion peak was of low i n t e n s i t y ) , shown i n f i g u r e 3.5. 

The p r i n c i p a l peaks i n the mass spectrum are l i s t e d i n t a b l e 3.2. 

I t can be seen t h a t the degree of fragmentation occurring i n 

the PFB plasma i s much higher than f o r benzene. I n the benzene 

plasma the molecular ion was the most i n t e n s e peak observed, 

w h i l e f o r PFB i t i s only present i n a f a i r l y small peak a t 186 

a.m.u.. The most in t e n s e peaks i n the spectrum are those a t 31, 
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Table 3.2 P r i n c i p a l peaks i n the p o s i t i v e ion mass spectrum of a 
50 watt PFB plasma 

A.M.U. Assignment 

31 CF"^ PFB fragment 

50 CF2^ Fragment of l a r g e r 
fluorocarbons (not PFB) 

69 CF3"'" PFB fragment 

93 ^3^3"*" fragment 
100 ^2^4^ Te t r a f l u o r o e t h y l e n e molecular 

ion 

117 ^5^3^ fragment 

124 ^4^4^ Perfluoroalkylbenzene fragment 

13 6 "̂ 5̂ 4"'" PFB fragment 

155 ^5^5"*" PFB fragment 

186 ^6^6^ molecular ion 

205 ^6^7^ P o s s i b l e precursor of perf l u o r o 
cyclohexene/diene s t r u c t u r e s 

217 ^7^7^ P o s s i b l e precursor of perf l u o r o 
alkylbenzene s t r u c t u r e s 

50, 69, 93 and 117 a.m.u., which correspond to CF"*", CF2''', CF3''', 

C3F3"*" and C5F3"'', a l l of which are found on the e l e c t r o n impact 

mass spectrum of PFB"^^, and are t h e r e f o r e probably formed i n the 

plasma by e l e c t r o n impact fragmentation of PFB. The peaks a t 13 6 

and 155 a.m.u. a r e a l s o fragments found i n the mass spectrum of 

PFB. The CF2'^ peak i s not a major fragment of PFB, and so i n t h i s 

c a s e probably a r i s e s from fragmentation of other perfluorocarbon 

s p e c i e s p r e s e n t . The peak a t 217 a.m.u. {C-jF-j'^) probably a r i s e s 
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from r e a c t i o n of a PFB molecule with CF"^, and may be a precursor 

to the p e r f l u o r o a l k y l b e n z e n e s t r u c t u r e of the polymer observed by 

SIMS i n chapter 2. The Ĉ F̂ "*" ion observed a t 124 a.m.u. i s found 

as a fragment i n the e l e c t r o n impact mass s p e c t r a of some 

p e r f l u o r o a l k y l b e n z e n e s , and i n t h i s case i s p o s s i b l y derived from 

the C-jT-j^ ion. The CgF-7'*' ion at 205 a.m.u. could a r i s e from 

r e a c t i o n of a f l u o r i n e atom with the molecular c a t i o n , and 

appears t o re p r e s e n t the f i r s t stage of s a t u r a t i o n of the benzene 

r i n g i n foirming the perfluorocyclohexene and 

per f l u o r o c y c l o h e x a d i e n e s t r u c t u r e s observed i n the polymer by 

SIMS. The C2F4''' peak a t 100 a.m.u. i s the molecular ion of 

t e t r a f l u o r o e t h y l e n e , and i s not observed (except a t very low 

i n t e n s i t y ) i n the SIMS spectrum of the polymer. With l i t t l e 

o l e f i n i c or a l i p h a t i c s t r u c t u r e present i n the polymer i t seems 

u n l i k e l y t h a t the t e t r a f luoroethylene can make a d i r e c t 

c o n t r i b u t i o n to polymer formation, but i t may undergo f u r t h e r 

r e a c t i o n i n the gas phase to produce products which can be 

inc o r p o r a t e d i n t o the polymer. The <^2^A^ plasma 

probably a r i s e s from i o n i s a t i o n of t e t r a f l u o r o e t h y l e n e formed by 

the r e a c t i o n of two CF2 r a d i c a l s , or the C2F4"'' ion could be 

formed from the r e a c t i o n of a CF2 r a d i c a l and a CF2"'' ion. 

When the plasma power was reduced to 20 watts and the 

p r e s s u r e i n c r e a s e d to 0.04 t o r r , most of the higher mass peaks 

seen i n the previous spectrum disappeared. The p r i n c i p a l peaks 

observed, l i s t e d on t a b l e 3.3, are a l l a t 117 a.m.u. or l e s s , and 

correspond to small fragments of PFB or other fluorocarbons, 

a p a r t from the t e t r a f luoroethylene peak a t 100 a.m.u. The peaks 

a t 81 and 86 a.m.u. were both present i n the previous spectrum, 
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Table 3_^ P r i n c i p a l Peaks i n the Mass Spectrum of a 20 Watt, 
0-04 t o r r PFB Plasma 

A.M.U. 

31 

50 

69 

81 

Assignment 

CF 

CF. 

CF^ 

+ 

+ 

+ 

CoF + 2^3 

A.M.U. 

86 

93 

100 

117 

Assignment 

C4F2 

^3^3' 

C2F4' 

C5F3' 

but a t low i n t e n s i t y , and so do not appear on t a b l e 3.2. No PFB 

molecular c a t i o n , or any p o t e n t i a l l y polymer forming s p e c i e s were 

observed. 

When the plasma power was reduced f u r t h e r to 5 watts a t 0.04 

t o r r (very mild polymerising c o n d i t i o n s ) , the mass spectrum, 

taken a t an ion energy of 15 eV, was t o t a l l y dominated by the CF"*" 

peak a t 31 a.m.u., although very small peaks were a l s o observed 

a t 50, 69, 93 and 117 a.m.u.. 

I t appears t h a t as the power to flow r a t e r a t i o i s 

decreased, so the average mass of the fragments observed 

d e c r e a s e s . Even i n the high W/F, 50 watt, 0.024 t o r r plasma most 

of the ions observed were small fragments, u n l i k e l y to lead to 

the formation of the type of aromatic based polymer observed by 

SIMS a n a l y s i s , and a t lower powers and high flow r a t e s no 

p o t e n t i a l l y polymer forming gas phase s p e c i e s were observed at 

a l l . I t t h e r e f o r e seems t h a t high energy ion chemistry plays 

l i t t l e or no p a r t i n the formation of a PFB plasma polymer. 

A c l o s e r examination of the ion energy d i s t r i b u t i o n of CF"*" 
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i o n s from the 5 watt plasma ( f i g u r e 3.7) shows 2 separate maxima 

a t about 8 eV and 1 5 eV. The previous mass spectrum was taken 

u s i n g 15 eV ions and showed l i t t l e other than CF"*", but a 

spectrum taken a t 8 eV was very d i f f e r e n t , ( f i g u r e 3.8). I n t h i s 

c a s e the number of small mass fragments was qu i t e low and the 

spectrum was dominated by comparatively high mass s p e c i e s , 

i n c l u d i n g some l a r g e r than the molecular ion. The p r i n c i p a l 

peaks a r e l i s t e d on t a b l e 3.4. 

Table 3.4 P r i n c i p a l peaks i n the 8 eV p o s i t i v e ion mass spectrum 
of a 5 watt, 0.04 t o r r PFB plasma 

A.M.U. Assignment A.M.U. Assignment 

31 CF"*" 148 
50 CF2 + 155 
69 CF3''" 167 
93 ^3^3^ 186 
98 C5F2+ 205 

117 C5F3 + 217 

136 C 5 F / 272 

^6^4 

C5F5" 

^6^5 

^6^6' 

^6^7 + 

C7F7 

^10^8 

The higher mass s p e c i e s appear to represent i n i t i a l stages 

i n the p o l y m e r i s a t i o n process. The peaks a t 205, 217 and 272 

a.m.u. a r e a l l present i n the SIMS a n a l y s i s of a PFB plasma 

polymer and could be pre c u r s o r s of the perfluorohexadiene, 

p e r f l u o r o a l k y l b e n z e n e and perfluoronaphthalene groups i n the 

plasma polymer. 

T h i s suggests t h a t there are two separate ion energy regimes 
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i n t h e plasma, h i g h energy i o n s w h i c h are o n l y s m a l l fragments o f 

a PFB m o l e c u l e ( e s p e c i a l l y CF"'') , and h i g h e r mass i o n s a t low 

energy, w h i c h m i g h t be i n v o l v e d i n plasma p o l y m e r i s a t i o n . 

As has been mentioned p r e v i o u s l y however, t h e i o n e n e r g i e s 

measured i n t h e a n a l y s e r a r e n o t r e p r e s e n t a t i v e o f t h o s e i n t h e 

plasma. The reason f o r t h i s i s t h a t i o n s a r e a c c e l e r a t e d w h i l e 

moving between t h e plasma and t h e probe. E l e c t r o n s i n t h e plasma 

have h i g h e r average v e l o c i t i e s t h a n t h e h e a v i e r p o s i t i v e i o n s , 

and so d i f f u s e o u t o f t h e plasma a t a g r e a t e r r a t e , l e a v i n g a n e t 

p o s i t i v e charge. Since t h e probe i s e a r t h e d t h e r e i s a p o t e n t i a l 

d i f f e r e n c e between i t and t h e plasma, and so a zone, o r sheath, 

forms around t h e probe i n w h i c h p o s i t i v e i o n s from t h e plasma are 

P R O B E / 

F i g u r e 3.9 Diagram showing t h e s h e a t h around t h e sampling probe 
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a c c e l e r a t e d t o w a r d s t h e probe (see f i g u r e 3 . 9 ) . T h i s means t h a t 

t h e i o n e n e r g i e s measured i n t h e a n a l y s e r a r e h i g h e r t h a n those 

p r e s e n t i n t h e plasma. The s i t u a t i o n m i g h t be f u r t h e r c o m p l i c a t e d 

however by t h e RF f i e l d . A l t h o u g h t h e r e i s a n e t a c c e l e r a t i o n o f 

t h e i o n s t o w a r d s t h e probe, a t any one i n s t a n t i n t i m e t h e RF 

f i e l d w i l l have a g r e a t e r e f f e c t on any charged s p e c i e s , causing 

them t o o s c i l l a t e t o wards and away from t h e probe. I t has been 

sugges t e d by W i l d and K o i d l , i n t h e case o f an argon plasma, t h a t 

t h i s c o m b i n a t i o n can cause a s e r i e s o f peaks t o o c c u r i n t h e 

measured i o n energy d i s t r i b u t i o n - ' - ^ . The measured energy o f an i o n 

w i l l depend on how l o n g i t has spent i n t h e a c c e l e r a t i n g 

i n f l u e n c e o f t h e s h e a t h , which w i l l i n t u r n depend on t h e i n i t i a l 

p o s i t i o n o f t h e i o n . An i o n c l o s e t o t h e probe may be sampled on 

t h e f i r s t RF c y c l e , when t h e RF f i e l d i s i n a l i g n m e n t w i t h t h e 

s h e a t h p o t e n t i a l . An i o n f u r t h e r away may n o t re a c h t h e probe 

b e f o r e t h e RF f i e l d r e v e r s e s and p u l l s t h e i o n back towards t h e 

plasma. I n t h i s case however, t h e sheath p o t e n t i a l opposes t h e RF 

f i e l d and t h e i o n does n o t move so f a r away as i t was o r i g i n a l l y . 

I t i s t h e r e f o r e c l o s e r a f t e r each s u c c e s s i v e c y c l e , and w i l l 

e v e n t u a l l y r e a c h t h e probe and be an a l y s e d . Since t h e measured 

energy o f t h e i o n depends on how l o n g i t has spent i n t h e sheath, 

and hence how many c y c l e s i t has gone t h r o u g h , t h e i o n energy 

d i s t r i b u t i o n w i l l have a peak c o r r e s p o n d i n g t o i o n s analysed from 

each RF c y c l e (see f i g u r e 3.10). 

I f t h i s p r o c e s s i s o c c u r r i n g i n t h e 5 w a t t PFB plasma i t 

c o u l d e x p l a i n t h e o r i g i n o f t h e two peaks observed i n t h e i o n 

energy d i s t r i b u t i o n , w h i c h would p r o b a b l y c o r r e s p o n d t o i o n s 

b e i n g a n a l y s e d on t h e f i r s t and second RF c y c l e s r e s p e c t i v e l y . 
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The peak a t 8 eV would t h e r e f o r e be due t o m a t e r i a l c l o s e t o t h e 

pro b e , w h i l e t h e 15 eV would be r e p r e s e n t a t i v e o f m a t e r i a l from 

f u r t h e r o u t i n t h e plasma. I n t h i s case t h e plasma as a whole 

c o n s i s t s o f v e r y s m a l l i o n i c fragments such as CF"*", w h i l e c l o s e 

t o t h e probe t h e r e a r e c o n s i d e r a b l y more h i g h mass i o n i c 

s p e c i e s . A p o s s i b l e e x p l a n a t i o n f o r t h e presence o f t h i s m a t e r i a l 

c l o s e t o t h e probe i s t h a t i t c o u l d have been a b l a t e d from 

p o lymer a l r e a d y d e p o s i t e d . Any p o s i t i v e i o n s a b l a t e d would n o t be 

a b l e t o t r a v e l more t h a n t h e d i s t a n c e c o r r e s p o n d i n g t o one RF 

c y c l e away fr o m t h e probe as t h e y would be p u l l e d back by t h e 

e l e c t r i c f i e l d . Hence no h i g h mass fragments are seen i n t h e 15 

eV peak. The spectrum o b t a i n e d from t h e 8 eV peak bears some 

resemblance t o t h e SIMS spectrum observed f o r a PFB plasma 

polymer (see c h a p t e r 2 ) . Any d i f f e r e n c e s between t h e two might be 

a c c o u n t e d f o r by t h e much lowe r energy i o n s i m p a c t i n g on t h e 

s u r f a c e i n t h e plasma t h a n i n t h e SIMS exp e r i m e n t , and a l s o by 

t h e p o s s i b i l i t y o f c h e m i c a l e t c h i n g by r e a c t i v e f l u o r i n e species 

t a k i n g p l a c e i n t h e plasma^*^. 

S e r i e s o f peaks, o f t e n r u n n i n g i n t o one an o t h e r , were a l s o 

o b s e r v e d i n t h e i o n energy d i s t r i b u t i o n s from o t h e r plasmas (e.g. 

f i g u r e s 3.4 and 3.6), b u t s e p a r a t e mass s p e c t r a were n o t tak e n 

f o r each peak. I t i s l i k e l y t h a t t h e s e peaks a r i s e i n t h e same 

way as f o r t h e 5 w a t t plasma. 

I t appears t h a t p o s i t i v e i o n s i n t h e gas phase o f t h e 5 

w a t t plasma do n o t c o n t a i n s t r u c t u r e s s i m i l a r t o those observed 

i n t h e plasma polymer. Only i n v e r y h i g h power, low f l o w r a t e 

plasmas i s any ev i d e n c e seen o f t h e b u i l d up o f h i g h mass 

p o s i t i v e i o n s . The m i l d e r t h e plasma c o n d i t i o n s become, t h e 
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s m a l l e r t h e p o s i t i v e i o n fragments observed a r e . I t seems 

u n l i k e l y t h a t i o n c h e m i s t r y i s much i n v o l v e d i n polymer f o r m a t i o n 

e x c e p t i n v e r y h i g h power plasmas. F u r t h e r s u p p o r t i n g e v i d e n c e f o r 

t h i s comes fr o m e x a m i n a t i o n o f t h e n e u t r a l s p e c i e s . 

b) N e u t r a l Species 

The mass s p e c t r a o f n e u t r a l s p e c i e s from a 20 w a t t , 0.047 

t o r r PFB plasma, u s i n g e l e c t r o n impact e n e r g i e s o f 11 eV and 27 

eV, a r e shown i n f i g u r e s 3.11(a) and 3.11(b) r e s p e c t i v e l y . The 11 

eV e l e c t r o n s have s u f f i c i e n t energy t o i o n i s e most species b u t 

cause v e r y l i t t l e f r a g m e n t a t i o n , so t h e i o n s d e t e c t e d s h o u l d 

c o r r e s p o n d t o t h e n e u t r a l s p e c i e s i n t h e plasma. The count r a t e 

was v e r y low however, so a second spectrum was t a k e n u s i n g 27 eV 

e l e c t r o n s , w h i c h a r e l i k e l y t o cause some f r a g m e n t a t i o n , i n o r d e r 

t o d e t e c t t h e low i n t e n s i t y peaks a t h i g h mass. A p a r t from some 

h y d r o c a r b o n c o n t a m i n a t i o n , p a r t i c u l a r l y t h e peak a t 58 a.m.u. 

( C ^ H ^ Q ) / t h e p r i n c i p a l peaks from a c o m b i n a t i o n o f t h e two 

s p e c t r a a r e l i s t e d i n t a b l e 3.5. 

The most p r o m i n e n t peak i n t h e mass spectrum i s t h a t a t 186 

a.m.u. c o r r e s p o n d i n g t o t h e PFB mo l e c u l e . I t i s p o s s i b l e t h a t 

i s o mers o f PFB, such as p e r f l u o r o f u l v e n e and p e r f l u o r o h e x a d i e n y n e 

may a l s o c o n t r i b u t e t o t h i s peak. There are a l a r g e number o f low 

mass peaks ( e . g . CF2 , CF3, C4F2 and C 5 F 3 ) , many o f which 

c o r r e s p o n d t o s m a l l fragments o f PFB o r o t h e r f l u o r o c a r b o n s . The 

most abundant low mass s p e c i e s however i s t e t r a f l u o r o e t h y l e n e , 

w h i c h o c c u r s a t 100 a.m.u., b u t t h e l a c k o f any s i g n i f i c a n t 

amount o f a l i p h a t i c o r o l e f i n i c m a t e r i a l i n a PFB plasma polymer 
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T a b l e 3.5 N e u t r a l s p e c i e s d e t e c t e d i n t h e 20 w a t t . 0.047 t o r r PFB 
Plasma 

A.M.U. Assignment 

50 CF2 

69 CF3 

86 C4F2 CF=C-C=CF 
100 C2F4 T e t r a f l u o r o e t h y l e n e 

117 C5F3 

119 C 2 F 5 P e r f l u o r o e t h y l r a d i c a l 

136 C5F4 

155 C 5 F 5 

186 ^6^6 PFB mol e c u l e , and a l s o p o s s i b l y 
isomers o f PFB (e.g. f u l v e n e ) 

205 ^6^7 
217 C7F7 

224 ^6^8 P e r f l u o r o c y c l o h e x a d i e n e 

236 C^Fg P e r f l u o r o t o l u e n e 

255 C-7F9 

s u g g e s t s t h a t t h i s may n o t have a major r o l e i n t h e 

p o l y m e r i s a t i o n . A number o f s p e c i e s o f h i g h e r mass t h a n PFB are 

p r e s e n t i n c l u d i n g p e r f l u o r o t o l u e n e and p e r f l u o r o c y c l o h e x a d i e n e , 

b o t h o f wh i c h a r e l i k e l y p r e c u r s o r s t o s t r u c t u r a l f e a t u r e s i n t h e 

plasma polymer. The p e r f l u o r o h e x a d i e n e i s p r o b a b l y formed by 

r e a c t i o n o f PFB w i t h f l u o r i n e r a d i c a l s , v i a t h e CgFy r a d i c a l . 

P e r f l u o r o t o l u e n e and t h e C-jY-j r a d i c a l a r e l i k e l y t o a r i s e from 

a t t a c k o f CF3 o r CF2 r a d i c a l s , on PFB, and t h e C-jY^ r a d i c a l c o u l d 

be p r o d u c e d by a t t a c k o f f l u o r i n e on p e r f l u o r o t o l u e n e . 
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I n a h i g h e r power plasma (50 w a t t s ) a peak was a l s o observed 

a t 267 a.m.u. c o r r e s p o n d i n g t o CgFg, which c o u l d be a 

p e r f l u o r o e t h y l b e n z e n e o r p e r f l u o r o x y l e n e r a d i c a l . The h i g h power 

plasma c o n t a i n e d s l i g h t l y more h i g h mass m a t e r i a l t h a n t h e 20 

w a t t o r a 5 w a t t plasma, l e s s PFB monomer and c o n s i d e r a b l y more 

t e t r a f l u o r o e t h y l e n e . I t i s p o s s i b l e t h a t t h i s c o u l d be connected 

t o t h e f a c t t h a t more CFj groups a r e observed by XPS i n a h i g h 

power PFB plasma polymer. G e n e r a l l y however, t h e n e u t r a l mass 

s p e c t r a o f d i f f e r e n t power PFB plasmas were f a i r l y s i m i l a r . 

A l t h o u g h s p e c i e s were found i n t h e gas phase t h a t c o u l d 

be p r e c u r s o r s t o p e r f l u o r o a l k y l b e n z e n e and 

p e r f l u o r o c y c l o h e x a d i e n e s t r u c t u r e s i n t h e plasma polymer, no peak 

was observed f o r p e r f l u o r o n a p h t h a l e n e a t 272 a.m.u., d e s p i t e t h e 

f a c t t h a t t h i s t y p e o f s t r u c t u r e was observed by SIMS a n a l y s i s o f 

PFB plasma pol y m e r s . I t seems t h a t t h i s must t h e r e f o r e form on 

t h e s u r f a c e o f t h e polymer. A p o s s i b l e r o u t e t o i t s f o r m a t i o n 

c o u l d be t h e r e a c t i o n o f d i f l u o r o d i a c e t y l e n e , observed as a peak 

a t 8 6 a.m.u., w i t h a r o m a t i c r i n g s i n t h e s u r f a c e o f t h e polymer. 

The l a c k o f s p e c i e s w i t h masses g r e a t e r t h a n 267 a.m.u. i n 

t h e gas phase suggests t h a t p o l y m e r i s a t i o n t a k e s p l a c e m a i n l y on 

t h e s u r f a c e . The polymer f o r m a t i o n i s p r o b a b l y based around PFB, 

p e r f l u o r o t o l u e n e , p e r f l u o r o c y c l o h e x a d i e n e and o t h e r s o f t h e 

l a r g e r gas phase s p e c i e s adsorbed on t h e w a l l s o f t h e chamber. 

These p r o b a b l y r e a c t w i t h much s m a l l e r fragments such as CF, CF2 

and CF3 r a d i c a l s o r i o n s c o l l i d i n g w i t h t h e s u r f a c e . These would 

p r o v i d e t h e s h o r t a l k y l l i n k s between t h e a r o m a t i c and o t h e r 

r i n g s s uggested by t h e SIMS a n a l y s i s . P e r f l u o r o n a p h t h a l e n e r i n g s 
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p r o b a b l y a r i s e f r o m r e a c t i o n o f d i f l u o r o d i a c e t y l e n e w i t h a r o m a t i c 

r i n g s on t h e s u r f a c e o f t h e polymer. The i n c r e a s e d CF2 c o n t e n t 

o b s e r v e d i n polymers formed from h i g h power polymers c o u l d a r i s e 

f r o m i n c o r p o r a t i o n o f t e t r a f l u o r o e t h y l e n e , o r from an i n c r e a s e d 

number o f t h e s m a l l fragments c o l l i d i n g w i t h t h e s u r f a c e . 

3.3.3 Perfluorobenzene/Benzene 

a) P o s i t i v e I o n s 

The p o s i t i v e i o n spectrum t a k e n from a 0.04 t o r r , 50 w a t t 

plasma o f mixed benzene and p e r f l u o r o b e n z e n e vapour i s shown i n 

f i g u r e 3.12. The p r e c i s e r a t i o o f t h e two monomers i n t h e plasma 

was n o t known b u t was t h o u g h t t o be c l o s e t o 1:1. The c o m p o s i t i o n 

o f t h e p o s i t i v e i o n s i n t h e plasma however was m o s t l y hydrocarbon 

d02 

12 32 52 72 92 112 132 152 172 192 212 232 252 272 292 
MASS 

F i g u r e 3.12 P o s i t i v e i o n mass spectrum o f a PFB/Benzene plasma 
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T a b l e 3.6 P r i n c i p a l peaks i n t h e p o s i t i v e i o n mass spectrum o f 
a PFB/benzene plasma 

A.M.U. Assignment 
78 C6H6"' Benzene m o l e c u l a r i o n 
96 C 6 H 5 F + Monofluorobenzene m o l e c u l a r i o n 

102 ^8^6 Phenyl a c e t y l e n e m o l e c u l a r i o n 

109 C 7 H 6 F + 

117 C5F3 + PFB fragment 

127 ^10^7^ 
128 ^10^8^ Naphthalene m o l e c u l a r i o n 

146 ^7^5-^3''" T r i f l u o r o m e t h y l benzene 
o r ^ 

^10^7^ M o n o f l u o r o n a p h t h a l e n e 

154 ^12^10^ B i p h e n y l m o l e c u l a r i o n 

(see t a b l e 3.6), p o s s i b l y because hydrocarbons i o n i s e more 

e a s i l y . The most p r o m i n e n t peak i n t h e spectrum i s t h a t o f t h e 

benzene m o l e c u l a r i o n a t 78 a.m.u., b u t no peak was observed f o r 

t h e PFB m o l e c u l a r i o n a t 186 a.m.u.. A l l t h e hydrocarbon s p e c i e s 

observed were a l s o found i n t h e benzene plasma, and t h e o n l y 

f l u o r o c a r b o n peak (C5F3"'') was a l s o found i n PFB plasmas. Peaks 

a t 96, 109 and 146 a.m.u. r e p r e s e n t mixed f l u o r o c a r b o n and 

hy d r o c a r b o n s p e c i e s , showing t h a t some i n t e r a c t i o n does occur i n 

t h e gas phase. These g e n e r a l l y c o n t a i n o n l y one f l u o r i n e atom ( o r 

a CF3 group i f t h e peak a t 146 a.m.u. i s t r i f l u o r o m e t h y l benzene 

r a t h e r t h a n m o n o f l u o r o n a p h t h a l e n e ) s u b s t i t u t e d f o r a hydrogen 

atom i n a d e r i v a t i v e o f t h e benzene, and so r e p r e s e n t o n l y 

l i m i t e d i n t e r a c t i o n between t h e f l u o r o c a r b o n and hydrocarbon 

components o f t h e plasma. 
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b l N e u t r a l Species 

The mass sp e c t n u n o f n e u t r a l s p e c i e s from a 50 w a t t , 0.04 

t o r r benzene/PFB plasma, t a k e n u s i n g 12 eV e l e c t r o n impact 

i o n i s a t i o n , i s shown i n f i g u r e 3.13, and t h e main peaks are 

l i s t e d on t a b l e 3.7. As i n t h e case o f t h e p o s i t i v e i o n s t h e 

l a r g e s t peak i s t h a t f o r benzene a t 78 a.m.u., b u t i n t h i s case 

t h e peak f o r PFB a t 186 a.m.u. was a l s o observed. There are some 

o t h e r s p e c i e s t h a t a r e e i t h e r pure hydrocarbon (e.g. a c e t y l e n e , 

m e t h y l a c e t y l e n e , n a p h t h a l e n e and b i p h e n y l a t 26, 40, 128 and 154 

a.m.u. r e s p e c t i v e l y ) , o r pure f l u o r o c a r b o n (e.g. CF2 and 

t e t r a f l u o r o e t h y l e n e a t 50 and 100 a.m.u,), b u t t h e m a j o r i t y are a 

m i x t u r e o f t h e two. The s e r i e s o f s u b s t i t u t e d benzenes CgHj^Fg.j^ 

were a l l p r e s e n t e x c e p t f o r t r i f l u o r o b e n z e n e , as were some 

p a r t i a l l y f l u o r i n a t e d a c e t y l e n e s and e i t h e r f l u o r o n a p h t h a l e n e o r 

40 120 148 160 180 200 220 240 260 280 

F i g u r e 3.13 Mass spectrum o f n e u t r a l s p e c i e s from a benzene/PFB 
plasma 
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"^^^^^ P r i n c i p a l peaks i n t h e mass spectrum o f n e u t r a l s p e c i e s 
f r o m a benzene/PFB plasma 

A.M.U. Assignment* 
26 ^2^2 A c e t y l e n e 
40 C3H4 M e t h y l a c e t y l e n e 
50 CF2 

58 C3H3F F-C=C-CH3 

64 C2H2F2 D i f l u o r o e t h y l e n e 
68 C4HF F-CsC-C=C-H 
78 C6"6 Benzene 
86 C4F2 D i f l u o r o d i a c e t y l e n e 
96 C6H5F Monofluorobenzene 

100 C2F4 T e t r a f l u o r o e t h y l e n e 
102 ^8^6 P h e n y l a c e t y l e n e 
114 C6H4F2 D i f l u o r o b e n z e n e 
120 CgHsF Ph-C=C-F 
128 ^10^8 Naphthalene 
136 C5F4 

146 C7H5F3 
o r 

T r i f l u o r o m e t h y l benzene 

^10^7^ Monofluoronaphthalene 
150 ^6^4"2 T e t r a f l u o r o b e n z e n e 
154 ^12^10 B i p h e n y l 
168 C 6 F 5 H P e n t a f l u o r o b e n z e n e 
186 ^6^6 Pe r f l u o r o b e n z e n e 

For many o f t h e peaks t h e r e a r e s e v e r a l p o s s i b l e 
assignments. The ones l i s t e d a r e those t h o u g h t t o be most 
l i k e l y i n v i e w o f t h e n a t u r e o f t h e monomers. 

116 



t r i f l u o r o m e t h y l b e n z e n e . A number o f o t h e r peaks a r i s i n g from 

mixed f l u o r o c a r b o n / h y d r o c a r b o n s p e c i e s were observed a t v e r y low 

i n t e n s i t i e s , i n c l u d i n g a peak a t 244 a.m.u. c o r r e s p o n d i n g t o 

e i t h e r CgFgH o r C 9 F 7 H 3 , t h e h i g h e s t mass peak observed. There 

i s o b v i o u s l y a v e r y c o n s i d e r a b l e gas phase i n t e r a c t i o n between 

t h e h y d r o c a r b o n and f l u o r o c a r b o n s p e c i e s , which would e x p l a i n why 

a PFB/benzene plasma copolymer i s n o t s i m p l y a m i x t u r e o f t h e two 

homopolymers. The f a c t t h a t most i n t e r a c t i o n seems t o t a k e p l a c e 

among t h e n e u t r a l s p e c i e s i s c o n s i s t e n t w i t h t h e f a c t t h a t a 

s u r f a c e photo-copolymer o f PFB and benzene, s i m i l a r t o t h e plasma 

polymer can a l s o be made-'-'*. I t i s i n t e r e s t i n g t o n o t e t h a t a 

c o n s i d e r a b l y g r e a t e r range o f n e u t r a l hydrocarbon s p e c i e s were 

found i n t h e c o p o l y m e r i s i n g m i x t u r e , t h a n i n t h e plasma o f pure 

benzene. There were a l s o no CF3 o r C5F3 peaks d e t e c t e d i n t h e 

m i x t u r e , b o t h o f which o c c u r r e d f a i r l y p r o m i n e n t l y i n t h e plasmas 

o f PFB. I t seems t h e r e f o r e t h a t t h e c h e m i s t r y o f t h e i n d i v i d u a l 

h y d r o c a r b o n and f l u o r o c a r b o n components o f t h e m i x t u r e i s 

p e r t u r b e d by t h e presence o f t h e o t h e r component. 

3.4 SUMMARY 

I n a benzene plasma p o s i t i v e i o n s w i t h masses up t o a mass 

o f 156 a.m.u. (C-L2^12''^) ' i n c l u d i n g t h e m o l e c u l a r i o n s o f t o l u e n e , 

p h e n y l a c e t y l e n e , n aphthalene and b i p h e n y l , were p r e s e n t w i t h 

h i g h i n t e n s i t i e s , and some h i g h e r mass sp e c i e s were observed a t 

low i n t e n s i t y . There seemed t o be l i t t l e change i n t h e s p e c t r a as 

t h e plasma c o n d i t i o n s were v a r i e d . The n e u t r a l s p e c t r a , showed 
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l i t t l e o t h e r t h a n t h e benzene m o l e c u l e . T h i s suggests t h a t 

benzene plasma p o l y m e r i s a t i o n proceeds m a i n l y v i a an i o n i c 

mechanism, a l t h o u g h s i n c e benzene i s known t o form a vacuum UV 

s u r f a c e p h o t o p o l y m e r i t i s l i k e l y t h a n some p o l y m e r i s a t i o n w i l l 

o c c u r f r o m e x c i t e d s t a t e c h e m i s t r y o f t h e n e u t r a l molecules, 

p o s s i b l y t a k i n g p l a c e on t h e s u r f a c e . 

P e r f l u o r o b e n z e n e plasmas, i n c o n t r a s t t o those o f benzene, 

showed l i t t l e e v i d e n c e o f o l i g o m e r f o r m a t i o n i n t h e gas phase 

p o s i t i v e i o n s p e c t r a , which were dominated by s m a l l fragments 

such as CF"*". The average s i z e o f t h e p o s i t i v e i o n s observed 

i n c r e a s e d w i t h i n c r e a s i n g plasma power, s u g g e s t i n g t h a t a l i m i t e d 

amount o f gas phase r e a c t i o n l e a d i n g t o p o l y m e r i s a t i o n may ta k e 

p l a c e v i a p o s i t i v e i o n s i n h i g h power plasmas. The i o n energy 

d i s t r i b u t i o n s o b t a i n e d from many plasmas showed a s e r i e s o f 

peaks, and a p o s i t i v e i o n mass spectrum t a k e n from t h e lower 

energy peak o f a 5 w a t t PFB plasma showed a c o n s i d e r a b l e amount 

o f h i g h mass m a t e r i a l . I t i s t h o u g h t however t h a t t h e peak 

s t r u c t u r e was due t o RF m o d u l a t i o n o f t h e plasma sheath 

p o t e n t i a l , w h i c h means t h a t t h i s peak was p r o b a b l y due t o io n s 

f r o m v e r y c l o s e t o t h e probe. The h i g h mass m a t e r i a l observed was 

p r o b a b l y a b l a t e d f r o m polymer on t h e probe, and was t h e r e f o r e not 

r e p r e s e n t a t i v e o f m a t e r i a l i n t h e plasma. 

N e u t r a l s p e c i e s w i t h masses g r e a t e r t h a n t h a t o f PFB were 

obs e r v e d , i n c l u d i n g p o s s i b l e p r e c u r s o r s t o t h e 

p e r f l u o r o a l k y l b e n z e n e and p e r f l u o r o c y c l o h e x a d i e n e s t r u c t u r e s seen 

i n t h e SIMS a n a l y s i s o f PFB plasma polymers. No 

p e r f l u o r o n a p h t h a l e n e was observed i n t h e gas phase, b u t t h i s 
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c o u l d be formed by r e a c t i o n o f d i f l u o r o d i a c e t y l e n e w i t h a r o m a t i c 

s t r u c t u r e s on t h e s u r f a c e o f t h e polymer. T e t r a f l u o r o e t h y l e n e was 

ob s e r v e d i n t h e n e u t r a l mass s p e c t r a , p a r t i c u l a r l y i n h i g h power 

PFB plasmas. I t was proposed t h a t t h e plasma polymer b u i l d s up 

around PFB monomer and t h e l a r g e r n e u t r a l s p e c i e s formed i n t h e 

gas phase adsorbed o n t o t h e w a l l s o f t h e r e a c t o r , by r e a c t i o n o f 

t h e s e w i t h s m a l l gas phase f l u o r o c a r b o n fragments such as CF, CF2 

and CF3 r a d i c a l s o r i o n s . T h i s would account f o r t h e s t r u c t u r e o f 

a r o m a t i c and o t h e r r i n g systems l i n k e d by v e r y s h o r t a l k y l chains 

s u g g e s t e d by SIMS a n a l y s i s . The i n c r e a s e d CF2 c o n t e n t o f polymers 

formed f r o m h i g h power PFB plasmas c o u l d be due t o i n c o r p o r a t i o n 

o f t e t r a f l u o r o e t h y l e n e . 

The p o s i t i v e i o n spectrum from a mixed benzene/PFB plasma 

showed m a i n l y h y d r o c a r b o n f r a g m e n t s , b u t t h e r e were some 

p a r t i a l l y f l u o r i n a t e d s p e c i e s observed. The mass spectrum o f t h e 

n e u t r a l s p e c i e s showed much more i n t e r a c t i o n between hydrocarbon 

and f l u o r o c a r b o n , w i t h many mixed h y d r o c a r b o n / f l u o r o c a i r b o n 

s p e c i e s p r e s e n t . The i n d i v i d u a l h y d r o c a r b o n and f l u o r o c a r b o n 

f r a g m e n t s obseirved i n t h e mixed plasma were a l s o d i f f e r e n t from 

t h o s e f o u n d i n t h e s e p a r a t e benzene and PFB plasmas. T h i s h i g h 

degree o f gas phase i n t e r a c t i o n between t h e two monomers e x p l a i n s 

why t h e y plasma c o p o l y m e r i s e t o form a m a t e r i a l t h a t i s n o t 

s i m p l y a c o m b i n a t i o n o f t h e two homopolymers. 
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4.1 INTRODUCTION 

F o r m a t i o n o f a t h i n f i l m c o n t a i n i n g a h i g h c o n c e n t r a t i o n o f 

c a r b o x y l i c a c i d g r o u p s i s o f i n t e r e s t n o t o n l y b e c a u s e o f t h e 

h i g h l y w e t t a b l e s u r f a c e t h a t w o u l d be o b t a i n e d , b u t a l s o because 

f u r t h e r r e a c t i o n s c o u l d be c a r r i e d o u t t o p r o d u c e a w i d e r a n g e o f 

s u r f a c e f u n c t i o n a l i t i e s , e.g. a c i d c h l o r i d e s , a m i d e s , e s t e r s e t c . 

A t t a c h m e n t o f s p e c i e s s u c h as p r o t e i n s c o u l d be a c c o m p l i s h e d v i a 

a c i d c h l o r i d e s - ^ o r b y u s i n g a c a r b o d i i m i d e i n aqueous s o l u t i o n ^ . 

P lasma p o l y m e r i s a t i o n i s a c o n v e n i e n t way o f f o r m i n g t h i n f i l m s 

o f c o n t r o l l a b l e t h i c k n e s s , b u t r e t e n t i o n o f o x y g e n c o n t a i n i n g 

f u n c t i o n a l g r o u p s s u c h as c a r b o x l a t e s i s g e n e r a l l y v e r y poor-^' ^. 

T h i s i s due t o e l i m i n a t i o n o f w a t e r , c a r b o n m o n o x i d e and c a r b o n 

d i o x i d e f r o m o x y g e n c o n t a i n i n g compounds i n a p l a s m a ^ . Plasma 

p o l y m e r s o f a c r y l i c a c i d and p r o p i o n i c a c i d h a v e b e e n f o u n d by 

Yasuda a n d Hsu^ t o g i v e c o n t a c t a n g l e s w i t h w a t e r o f a b o u t 60° 

u n d e r n o i r m a l p l a s m a c o n d i t i o n s , i n d i c a t i n g a c o n s i d e r a b l e l o s s o f 

o x y g e n , b u t i f a p u l s e d p l a s m a was u s e d , t h e c o n t a c t a n g l e s 

o b t a i n e d w e r e v e r y l o w , i n d i c a t i n g much l e s s monomer 

f r a g m e n t a t i o n . T h i s i s p r o b a b l y c a u s e d b y a c t i v a t i o n d u r i n g t h e 

p l a s m a p u l s e , f o l l o w e d by a d d i t i o n o f monomer d u r i n g t h e " o f f " 

p e r i o d , t o p r o d u c e a m a t e r i a l more l i k e a c o n v e n t i o n a l p o l y m e r . 

Plasma p o l y m e r s o f some v i n y l compounds w h i c h r e t a i n most o f 

t h e f u n c t i o n a l g r o u p s o f t h e i r s t a r t i n g monomers, have been made 

u s i n g l o w p o w e r and h i g h f l o w r a t e c o n d i t i o n s i n a c o n t i n u o u s 

p l a s m a . A l l y l a l c o h o l and a l l y l amine p l a s m a p o l y m e r f o r m e d u n d e r 

t h e s e c o n d i t i o n s h a v e been f o u n d t o r e t a i n a h i g h p e r c e n t a g e o f 

a l c o h o l a n d a m ine g r o u p s r e s p e c t i v e l y * ^ . Plasma p o l y m e r s o f a 

s e r i e s o f u n s a t u r a t e d a l c o h o l s f o r m e d a t l o w power were f o u n d t o 
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be r e l a t i v e l y h y d r o p h i l i c , a nd t o r e t a i n some o f t h e i r -OH 

g r o u p s ^ . Plasma p o l y m e r s w i t h h i g h c a r b o x y l i c a c i d c o n c e n t r a t i o n 

h a v e b e e n p r o d u c e d b y u s i n g a m i x t u r e o f a c r y l i c a c i d and c a r b o n 

d i o x i d e ^ , and a l s o b y e x p o s i n g a f r e s h l y made a c r y l i c a c i d plasma 

p o l y m e r t o t h e monomer a t i t s s a t u r a t e d v a p o u r p r e s s u r e f o r 30 

m i n u t e s ^ ^ . I n t h e l a t t e r c a s e t h e monomer r e a c t e d w i t h t r a p p e d 

f r e e r a d i c a l s i t e s o n t h e p o l y m e r t o p r o d u c e e s s e n t i a l l y a v e r y 

t h i n l a y e r o f p o l y a c r y l i c a c i d . 

I n t h i s c h a p t e r t h e f o r m a t i o n o f p l a s m a p o l y m e r s o f 

c a r b o x y l i c a c i d s i s i n v e s t i g a t e d , w i t h r e s p e c t t o r e t e n t i o n o f 

f u n c t i o n a l i t y a n d t h e e f f e c t o f c h a i n l e n g t h and u n s a t u r a t i o n . 

A c r y l i c , v i n y l a c e t i c and a l l y l a c e t i c a c i d s a r e u s e d t o examine 

w h e t h e r t h e s e p a r a t i o n b e t w e e n t h e a c i d g r o u p and t h e d o u b l e bond 

a f f e c t s t h e d e g r e e o f r e t e n t i o n ( e . g . w h e t h e r t h e a l l y l 

c o n f i g u r a t i o n i s i m p o r t a n t ) , o r w h e t h e r s i m p l y t h e p r e s e n c e o f 

b o t h g r o u p s w i t h i n t h e same m o l e c u l e i s a l l t h a t i s r e q u i r e d . The 

r e s u l t s o f t h e s e a r e compared w i t h t h o s e o b t a i n e d f r o m a c e t i c , 

p r o p i o n i c , b u t y r i c a n d v a l e r i c a c i d s , i n o r d e r t o d i s c o v e r how 

i m p o r t a n t u n s a t u r a t i o n i s i n t h e r e t e n t i o n o f a c i d g r o u p s . M e t h y l 

a c r y l a t e and m e t h y l m e t h a c r y l a t e a r e u s e d t o examine w h e t h e r 

r e t e n t i o n o f c a r b o x y l a t e g r o u p s c a n be a c h i e v e d f o r e s t e r s as 

w e l l as f o r a c i d s . M e t h a c r y l i c a c i d was u s e d f o r c o m p a r i s o n w i t h 

m e t h y l m e t h a c r y l a t e . 

The s u r f a c e p h o t o p o l y m e r i s a t i o n s o f m e t h y l m e t h a c r y l a t e and 

e x a m p l e s o f s a t u r a t e d and u n s a t u r a t e d a c i d s a r e a l s o i n v e s t i g a t e d 

i n o r d e r t o p r o b e t h e mechanism o f t h e p l a s m a p o l y m e r i s a t i o n . 

124 



T a b l e 4.1 Monomers u s e d i n c h a p t e r 4 

P r o p i o n i c a c i d CH3CH2COOH A c r y l i c a c i d CH2=CHC00H 

B u t y r i c a c i d CHgCHjCHjCOOH V i n y l a c e t i c CH2=CHCH2C00H 
a c i d 

V a l e r i c a c i d CH3CH2CH2CH2COOH A l l y l a c e t i c CH2=CHCH2CH2C00H 
a c i d 

A c e t i c a c i d CH3COOH M e t h a c r y l i c CH2=C(CH3)COOH 
a c i d 

M e t h y l a c r y l a t e CH2=CHCOOCH3 M e t h y l CH2=C(CH3)COOCH3 
m e t h a c r y l a t e 

S u r f a c e p h o t o p o l y m e r i s a t i o n o f c a r b o x y l i c a c i d s has n o t 

p r e v i o u s l y b e e n r e p o r t e d , b u t m e t h y l m e t h a c r y l a t e i s known t o 

f o r m a p o l y m e r u n d e r UV i r r a d i a t i o n f r o m t h e v a p o u r phase a t 

p r e s s u r e s o f 10 t o r r a n d above. I n t h e p r e s e n c e o f m e r c u r y , w h i c h 

c a n a c t as a t r i p l e t s e n s i t i s e r , M e l v i l l e - ^ ^ o b s e r v e d r a p i d 

p o l y m e r f o r m a t i o n i n t h e g a s p h a s e , and c o n t i n u e d g r o w t h o f 

p o l y m e r a f t e r i l l u m i n a t i o n h ad s t o p p e d , i n d i c a t i n g c h a i n g r o w t h 

and t h e p r e s e n c e o f l o n g l i v e d f r e e r a d i c a l s i t e s . Tsao and 

E r l i c h ^ ^ a l s o o b t a i n e d a p o l y m e r f r o m t h e l a s e r p h o t o l y s i s o f 

m e t h y l m e t h a c r y l a t e v a p o u r , i n t h e a b s e n c e o f m e r c u r y , b u t d i d 

n o t o b s e r v e p o l y m e r f o r m a t i o n i n t h e gas phase o r , c o n t i n u e d 

p o l y m e r i s a t i o n a f t e r i r r a d i a t i o n h a d c e a s e d . They t h e r e f o r e 

c o n c l u d e d t h a t t h e s e e f f e c t s o b s e r v e d b y M e l v i l l e h a d been due t o 

t h e f o r m a t i o n o f t r i p l e t s t a t e s , w h i c h m i g h t be e x p e c t e d t o be 

l o n g l i v e d . D e p o s i t i o n r a t e m e a s u r e m e n t s o f m e t h y l m e t h a c r y l a t e 

p h o t o p o l y m e r i s a t i o n a t 10 t o r r a r e c a r r i e d o u t i n o r d e r t o 

d e t e r m i n e w h e t h e r o r n o t t h e e f f e c t s o b s e r v e d by M e l v i l l e c o u l d 

be r e p r o d u c e d w i t h o u t t r i p l e t s e n s i t i s a t i o n . 
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I i 2 EXPERIMKNTAT. 

Plasma p o l y m e r i s a t i o n s w e re c a r r i e d o u t i n t h e r e a c t o r shown 
i n f i g u r e 4 . 1 . The e x p e r i m e n t a l p r o c e d u r e f o l l o w e d was t h e same 
as d e s c r i b e d i n c h a p t e r 2. UV p h o t o p o l y m e r i s a t i o n s were p e r f o r m e d 
u s i n g t h e same p r o c e d u r e a n d a p p a r a t u s as f o r vacuum UV s u r f a c e 
p h o t o p o l y m e r i s a t i o n ( s e e c h a p t e r 2 ) , e x c e p t t h a t t h e plasma 
chamber t o t h e r i g h t h and s i d e o f t h e c a l c i u m f l u o r i d e window was 
r e p l a c e d b y a 200W O r i e l medium p r e s s u r e m e r c u r y a r c lamp. F o r 
d e p o s i t i o n r a t e m e a s u r e m e n t s o f t h e p h o t o p o l y m e r i s a t i o n o f m e t h y l 
m e t h a c r y l a t e , a K r o n o s QM 3 3 1 d e p o s i t i o n m o n i t o r was use d i n t h e 
a p p a r a t u s shown i n f i g u r e 4.2. The m o n i t o r c o n s i s t e d o f a 
v i b r a t i n g q u a r t z c r y s t a l , t h e f r e q u e n c y o f w h i c h depended on t h e 
w e i g h t o f m a t e r i a l d e p o s i t e d on i t . A 500W H a n o v i a medium 
p r e s s u r e a r c lamp was u s e d as a UV s o u r c e . The d e p o s i t i o n m o n i t o r 
was a f f e c t e d b y t h e h e a t i n g c a u s e d b y t h e UV lamp. T h i s h e a t i n g 
e f f e c t was m e a s u r e d i n a s e p a r a t e e x p e r i m e n t w i t h no monomer 
p r e s e n t , b u t was f o u n d t o be s m a l l c o mpared w i t h t h e r a t e o f 
p o l y m e r d e p o s i t i o n . Samples f o r XPS a n a l y s i s w e re c o l l e c t e d i n 
s e p a r a t e r u n s on a p i e c e o f a l u m i n i u m f o i l p l a c e d on t o p o f t h e 
d e p o s i t i o n m o n i t o r . 

S amples w e r e a n a l y s e d b y XPS u s i n g a K r a t o s ES200 

s p e c t r o m e t e r w i t h a t a k e o f f a n g l e o f 35°. C o n t a c t a n g l e s were 

m e a s u r e d u s i n g a s m a l l d r o p ( 3 u l ) o f d i s t i l l e d w a t e r p l a c e d on 

t h e p o l y m e r s u r f a c e . The w i d t h ( d ) and h e i g h t (h) o f t h e d r o p 

w e r e m e a s u r e d u s i n g a m i c r o s c o p e a n d t h e c o n t a c t a n g l e (9) was 

c a l c u l a t e d f r o m e q u a t i o n 4 . 1 . 

ta*v(e) = 2h/d 4.1 
2. 
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F i g u r e 4. 1 Plasma r e a c t o r used i n c h a p t e r 4 
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F i g u r e 4.2 A p p a r a t u s u s e d f o r d e p o s i t i o n r a t e m e a s urements 
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C o n t a c t a n g l e s o f l e s s t h a n 5° w e r e t o o l o w t o measure and a r e 

q u o t e d a s b e i n g z e r o . 

4.3 RESULTS AND DISCUSSION 

4.3.1 U n s a t u r a t e d C a r b o x y l i c A c i d s 

( a ) P l a s m a P o l y m e r s 

P l a s m a p o l y m e r s o f a c r y l i c a c i d , v i n y l a c e t i c a c i d and a l l y l 

a c e t i c a c i d w e r e e a c h made u n d e r t h r e e d i f f e r e n t s e t s o f 

c o n d i t i o n s : -

( i ) Power = lOW, p r e s s u r e = 0.16 t o r r , f l o w r a t e ^ 4-5 cm-'/min 

( i i ) Power = 2W, p r e s s u r e = 0.16 t o r r , f l o w r a t e ^ 4-5 cm-^/min 

( i i i ) P u l s e d Plasma, a v e r a g e power = IW, p r e s s u r e = 0.2 t o r r , 

f l o w r a t e ~ 10 cm^^/min 

The a l l y l a c e t i c a c i d h a d t o o l o w a v a p o u r p r e s s u r e t o c a r r y 

o u t t h e p u l s e d p l a s m a u n d e r t h e c o n d i t i o n s shown, so a p r e s s u r e 

o f 0.18 t o r r a n d a f l o w r a t e o f 5 cm-^/min w e r e u s e d i n s t e a d . 

C^g a n d O-ĵ s XPS s p e c t r a o f a c r y l i c a c i d p l a s m a p o l y m e r s 

o b t a i n e d u n d e r a l l t h r e e s e t s o f c o n d i t i o n s a r e shown i n f i g u r e 

4.3. The C-j^g c o r e l e v e l s w e r e p e a k f i t t e d u s i n g t h e f o l l o w i n g 

b i n d i n g e n e r g i e s f o r t h e c o n s t i t u e n t p e a k s : -

CH 285.0 eV 

C-CO2 285.7 eV 

C-0 286.7 eV 

C=0 287.7 eV 

0-C=0 2 8 9 . 1 eV 
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290 285 
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535 530 
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F i g u r e 4.3 C l s and 0 1 s XPS s p e c t r a o f p l a s m a p o l y m e r i s e d a c r y l i c 
a c i d ( a ) a t lOW 

( b ) a t 2W 
( c ) w i t h p u l s e d p l a s m a 

129 



The r e s u l t s o f XPS a n a l y s e s f o r e a c h o f t h e a c i d s u n d e r each 

s e t o f c o n d i t i o n s a r e shown i n t a b l e 4.2. The d e g r e e s o f 

r e t e n t i o n o f o x y g e n a n d c a r b o x y l a t e g r o u p s w e r e c a l c u l a t e d b y 

c o m p a r i n g t h e c o m p o s i t i o n o f t h e p o l y m e r w i t h t h e monomer: t h e 

r e s u l t s a r e p r e s e n t e d i n t a b l e 4.3. 

T a b l e 4.2 C o m p o s i t i o n o f u n s a t u r a t e d c a r b o x y l i c a c i d p l a s m a 
p o l y m e r s as shown b y XPS 

% o f C-LJ 
A c i d Plasma 

C o n d i t i o n 
0:C 
r a t i o CH C-CO2 C-0 C=0 0-C= 

low 0.27 63 6 17 7 6 

A c r y l i c 2W 0.44 50 2 1 6 2 21 

p u l s e d 0.51 47 23 4 2 23 

low 0.17 72 3 15 5 3 
V i n y l 
A c e t i c 2W 0.36 6 1 16 4 2 16 

p u l s e d 0.42 55 20 2 1 2 1 

low 0.19 72 3 15 5 3 
A l l y l 
A c e t i c 2W 0.36 63 16 3 2 16 

p u l s e d 0.36 64 16 3 1 16 

I t c a n be s e e n f r o m t a b l e 4.2 t h a t t h e p o l y m e r s f o r m e d a t 

low c o n t a i n c o m p a r a t i v e l y s m a l l a mounts o f o x y g e n , and have o n l y 

l o w c o n c e n t r a t i o n s o f C-CO2 and 0-C=0 g r o u p s . A c o n s i d e r a b l e 

number o f C-0, a n d t o a l e s s e r e x t e n t C=0 g r o u p s , n o t p r e s e n t i n 

t h e o r i g i n a l monomers, h a v e b e e n c r e a t e d d u r i n g p o l y m e r i s a t i o n . 

T a b l e 4.3 shows t h a t t h e d e g r e e o f o x y g e n r e t e n t i o n i s f a i r l y l o w 

130 



( 3 4 - 4 7 % ) a n d t h e d e g r e e o f c a r b o x y l a t e r e t e n t i o n i s o n l y 13-18%. 

The c o m p a r a t i v e l y h i g h l e v e l o f C-0 e n v i r o n m e n t s s u g g e s t s t h a t 

some o r a l l o f t h e 0-C=0 g r o u p s c o u l d be e s t e r s r a t h e r t h a n a c i d 

g r o u p s . The number o f a c i d g r o u p s on t h e s e s u r f a c e s must 

t h e r e f o r e be v e r y l o w i n d e e d . T h i s i s c o n f i r m e d b y t h e h i g h 

c o n t a c t a n g l e s ( s e e t a b l e 4.4) o f 56-72°. A s u r f a c e c o n t a i n i n g a 

h i g h c o n c e n t r a t i o n o f c a r b o x y l i c a c i d g r o u p s w o u l d be e x p e c t e d t o 

be h y d r o p h i l i c , a n d t o h a v e a v e r y l o w c o n t a c t a n g l e w i t h w a t e r . 

T a b l e 4.3 R e t e n t i o n o f o x y g e n and c a r b o x y l a t e i n p l a s m a p o l y m e r s 
o f u n s a t u r a t e d c a r b o x y l i c a c i d s 

% o f o x y g e n 
A c i d Plasma % R e t e n t i o n % R e t e n t i o n p r e s e n t as 

C o n d i t i o n o f o x y g e n o f c a r b o x y l a t e c a r b o x y l a t e 

low 40 18 45 

A c r y l i c 2W 67 62 92 

p u l s e d 77 69 90 

low 34 13 40 
V i n y l 
A c e t i c 2W 72 64 89 

p u l s e d 84 82 96 

low 47 17 36 
A l l y l 
A c e t i c 2W 90 82 91 

p u l s e d 90 79 88 

A t 2W a n d w i t h t h e p u l s e d p l a s m a t h e r e t e n t i o n o f 

f u n c t i o n a l i t y was much h i g h e r , a l t h o u g h some o f t h e f i l m s were 

r a t h e r o i l y , due t o t h e l o w d e g r e e o f p o l y m e r i s a t i o n a t l o w W/F. 

T a b l e 4 .2 shows h i g h 0:C r a t i o s , h i g h c o n c e n t r a t i o n s o f C-CO2 and 
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0-C=0 g r o u p s and o n l y l o w c o n c e n t r a t i o n s o f C-0 and C=0 g r o u p s 

f o r a l l t h e a c i d s . T a b l e 4.3 shows t h a t t h e p e r c e n t a g e r e t e n t i o n 

o f o x y g e n was h i g h ( 6 7 - 9 0 % ) a n d t h a t a l m o s t a l l ( t y p i c a l l y 90%) 

o f t h i s was i n t h e f o r m o f 0-C=0 g r o u p s . The l o w l e v e l s o f C-0 

mean t h a t a l l o r n e a r l y a l l o f t h e 0-C=0 o b s e r v e d must p r e s e n t as 

be a c i d g r o u p s , r a t h e r t h a n as e s t e r s . F o r a c r y l i c and v i n y l 

a c e t i c a c i d s t h e 2W p l a s m a s g e n e r a l l y g a ve s l i g h t l y l o w e r l e v e l s 

o f r e t e n t i o n t h a n t h e p u l s e d p l a s m a s , b u t i n a l l c a s e s t h e 

c o m p o s i t i o n o f t h e p o l y m e r was e s s e n t i a l l y s i m i l a r t o t h a t o f t h e 

c o r r e s p o n d i n g c o n v e n t i o n a l p o l y m e r . The c o n t a c t a n g l e s ( t a b l e 

4.4) w i t h w a t e r w e r e a l l t o o l o w t o measure (<5°), as w o u l d be 

e x p e c t e d f o r s u r f a c e s w i t h a h i g h c o n c e n t r a t i o n o f c a r b o x y l i c 

a c i d g r o u p s . 

T a b l e 4.4 C o n t a c t a n g l e s o f p l a s m a p o l y m e r s o f u n s a t u r a t e d 
c a r b o x y l i c a c i d s 

A c i d 
C o n t a c t a n g l e o f p l a s m a p o l y m e r w i t h w a t e r * 

low 2W p u l s e d 

A c r y l i c 56° 0 0 

V i n y l a c e t i c 72° 0 0 

A l l y l a c e t i c 65° 0 0 

* C o n t a c t a n g l e s t o o l o w t o measure a r e q u o t e d as z e r o 

From t h e s e r e s u l t s i t c a n be c o n c l u d e d t h a t u n d e r l o w W/F 

c o n d i t i o n s t h e p l a s m a p o l y m e r i s a t i o n o f u n s a t u r a t e d c a r b o x y l i c 
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a c i d s p r o c e e d s m a i n l y t h r o u g h t h e o p e n i n g o f t h e d o u b l e bond, as 

i n c o n v e n t i o n a l p o l y m e r i s a t i o n . The a l t e r n a t i v e t y p e o f r e a c t i o n , 

i n v o l v i n g e l i m i n a t i o n o r r e a r r a n g e m e n t o f t h e a c i d g r o u p s , does 

n o t o c c u r t o a l a r g e e x t e n t u n d e r t h e s e c o n d i t i o n s , p r o b a b l y 

b e c a u s e t h e a c t i v a t i o n e n e r g y i s t o o h i g h . Under h i g h e r W/F 

c o n d i t i o n s , when more e n e r g y i s a v a i l a b l e p e r m o l e c u l e , r e a c t i o n s 

i n v o l v i n g t h e a c i d g r o u p d o m i n a t e t h e p o l y m e r i s a t i o n r e s u l t i n g i n 

a p l a s m a p o l y m e r w i t h a l o w ox y g e n c o n t e n t and v e r y l i t t l e 

r e t e n t i o n o f monomer s t r u c t u r e . I n t h e p u l s e d p l a s m a r e a c t i o n s 

i n v o l v i n g t h e a c i d g r o u p s m i g h t o c c u r t o some e x t e n t d u r i n g t h e 

p u l s e o f RF p o w e r , b u t i n t h e o f f p e r i o d o t h e r monomer u n i t s may 

a d d on t o t h e a c t i v a t e d m o l e c u l e v i a t h e d o u b l e b o n d o p e n i n g , 

p r o d u c i n g s m a l l s e c t i o n s o f c o n v e n t i o n a l p o l y m e r . T h i s t y p e o f 

m e c h a n i s m may a l s o o c c u r i n t h e l o w W/F c o n t i n u o u s p l a s m a i f t h e 

p o w e r c o n c e n t r a t i o n i s so l o w t h a t a c t i v a t i o n o f a m o l e c u l e 

becomes v e r y i n f r e q u e n t . 

T h e r e seems t o be l i t t l e d i f f e r e n c e i n b e h a v i o u r o f t h e 

d i f f e r e n t a c i d s d u r i n g p o l y m e r i s a t i o n , s u g g e s t i n g t h a t t h e 

a b i l i t y t o r e t a i n a c i d g r o u p s i s n o t d e p e n d e n t on any p a r t i c u l a r 

p o s i t i o n o f t h e a c i d g r o u p w i t h r e s p e c t t o t h e d o u b l e bond. The 

h i g h e s t l e v e l o f c a r b o x y l a t e g r o u p s i n a p o l y m e r ( 2 3 % o f c a r b o n 

a t o m s ) i s i n t h a t f o r m e d f r o m t h e a c r y l i c a c i d , b u t t h i s i s 

s i m p l y d u e t o t h e f a c t t h a t a c r y l i c a c i d p o s s e s s e s t h e h i g h e s t 

p e r c e n t a g e o f a c i d g r o u p s o f t h e monomers. T h e r e seems t o be a 

t e n d a n c y f o r t h e p e r c e n t a g e o f c a r b o x y l a t e g r o u p s r e t a i n e d t o 

i n c r e a s e a s t h e h y d r o c a r b o n c h a i n l e n g t h i n c r e a s e s . A p o s s i b l e 

e x p l a n a t i o n f o r t h i s c o u l d t h a t i n i t i a l a c t i v a t i o n o c c u r s a t t h e 

d o u b l e b o n d , and e n e r g y t r a n s f e r t o t h e a c i d g r o u p becomes more 
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d i f f i c u l t a s t h e i r s e p a r a t i o n i s i n c r e a s e d . 

( b ) P h o t o p o l v m e r s 

C o n v e n t i o n a l UV p h o t o l y s e s ( w a v e l e n g t h > 200 nm) o f a l l y l 

a c e t i c a c i d and a c r y l i c a c i d w e r e p e r f o r m e d a t monomer v a p o u r 

p r e s s u r e s o f 0.2 t o r r . The p o l y m e r s w e r e s i m i l a r t o t h e l o w W/F 

p l a s m a p o l y m e r s , e x c e p t t h a t t h e r e was a c o n s i d e r a b l y h i g h e r 

l e v e l o f h y d r o c a r b o n ( s e e t a b l e 4 . 5 ) . T h i s c o u l d a r i s e f r o m 

c o n t a m i n a t i o n o f t h e p h o t o p o l y m e r b y h y d r o c a r b o n p r e s e n t i n t h e 

r e a c t i o n chamber, o r f r o m e l i m i n a t i o n o f c a r b o x y l a t e as c a r b o n 

T a b l e 4.5 P h o t o p o l y m e r s o f a c r y l i c and a l l y l a c e t i c a c i d s 

s u r f a c e p h o t o p o l y m e r s u r f a c e p h o t o p o l y m e r o f 
o f A c r y l i c a c i d a l l y l a c e t i c a c i d 

0:C R a t i o 

CH 

% C-C02 

o f C-0 

CIS C=0 

0-C=0 

0.39 

59 

18 

3 

3 

18 

0.29 

68 

13 

4 

2 

13 

% r e t e n t i o n 
o f o x y g e n 

% r e t e n t i o n o f 
c a r b o x y l a t e 

% o f o x y g e n 
as c a r b o x y l a t e 

c o n t a c t a n g l e 

59 

54 

9 1 

72 

66 

9 1 

n o t m e a s u r e d 
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d i o x i d e . The f o r m e r seems most l i k e l y , as a l a r g e amount o f 

h y d r o c a r b o n was o b s e r v e d i n t h e p h o t o p o l y m e r s o f p e r f l u o r o t o l u e n e 

( s e e c h a p t e r 2 ) . I f t h i s i s t h e c a s e t h e n t h e s u r f a c e 

p h o t o p o l y m e r s a r e e s s e n t i a l l y t h e same as t h e p l a s m a p o l y m e r s , 

a n d s o t h e p l a s m a p o l y m e r i s a t i o n c a n be e x p l a i n e d b y e x c i t e d 

s t a t e c h e m i s t r y . 

4.3.2 S a t u r a t e d C a r b o x y l i c A c i d s 

a) A c e t i c a c i d 

I f r e t e n t i o n o f a c i d f u n c t i o n a l i t y o c c u r s i n t h e l o w W/F 

p l a s m a p o l y m e r i s a t i o n o f u n s a t u r a t e d c a r b o x y l i c a c i d s , t h e n i t 

m i g h t be e x p e c t e d t h a t s a t u r a t e d a c i d s w o u l d n o t show t h e same 

b e h a v i o u r . The p l a s m a p o l y m e r i s a t i o n o f a c e t i c a c i d a p p e a r s t o 

b e a r t h i s o u t . The p o l y m e r s f o r m e d u n d e r t h e t h r e e t y p e s o f 

c o n d i t i o n s u s e d f o r t h e u n s a t u r a t e d a c i d s a l l showed c o n s i d e r a b l e 

l o s s o f o x y g e n an d r e a r r a n g e m e n t o f t h e a c i d g r o u p s t o f o r m o t h e r 

o x y g e n f u n c t i o n a l i t i e s . The r e s u l t s a r e p r e s e n t e d i n t a b l e 4.6 

a n d t h e C^g s p e c t r a f o r a c e t i c a c i d p l a s m a p o l y m e r s f o r m e d a t lOW 

a n d a t 2W a r e shown i n f i g u r e 4.4. 

T h e r e i s o b v i o u s l y some r e t e n t i o n o f s t r u c t u r e a t 2W and 

w i t h t h e p u l s e d p l a s m a as t h e p e r c e n t a g e o f c a r b o x y l a t e i s s t i l l 

5 0 % o f t h e monomer v a l u e , b u t t h e r e i s a l s o a c o n s i d e r a b l e amount 

o f C-0, s u g g e s t i n g t h a t some o f t h i s i s e s t e r r a t h e r t h a n a c i d . 

I n t h e c a s e o f t h e 2W p o l y m e r t h e c o n t a c t a n g l e i s n o t z e r o , a l s o 

s u g g e s t i n g t h a t t h e c o n c e n t r a t i o n o f a c i d g r o u p s i s n o t h i g h . A t 

low t h e p o l y m e r r e t a i n s t h e monomer s t r u c t u r e b e t t e r t h a n f o r t h e 

u n s a t u r a t e d a c i d s , so t h e d i f f e r e n c e b e t w e e n h i g h and l o w W/F 

p l a s m a p o l y m e r s o f a c e t i c a c i d i s c o m p a r a t i v e l y s m a l l . 
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T a b l e 4.6. Plasma p o l y m e r s o f a c e t i c a c i d 

0:C r a t i o 

CH 

C-CO2 

C-0 

C=0 

0-C=0 

% r e t e n t i o n 
o f o x y g e n 

% r e t e n t i o n o f 
c a r b o x y l a t e 

% o f o x y g e n as 
c a r b o x y l a t e 

c o n t a c t a n g l e 

Plasma C o n d i t i o n 

low 2W 

0.46 0.64 

45 23 

12 26 

18 10 

12 12 

12 26 

46 64 

25 52 

25 

n o t m e a s u r e d 

8 1 

22' 

p u l s e d 

0.59 

30 

25 

9 

11 

25 

59 

50 

83 

b) 

290 285 
BE (.eV) 

290 285 
BE (eV) 

F i g u r e 4.4 C^g XPS s p e c t r a o f a c e t i c a c i d p l a s m a p o l y m e r i s e d a t 
(a) low , and ( b ) 2W 
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hi P r o p i o n i c , B u t y r i c and V a l e r i c a c i d s 

These a r e t h e s a t u r a t e d analogues o f t h e u n s a t u r a t e d a c i d s 

s t u d i e d , and s h o u l d t h e r e f o r e p r o v i d e t h e b e s t comparison f o r 

i n v e s t i g a t i n g t h e e f f e c t o f u n s a t u r a t i o n i n t h e plasma 

p o l y m e r i s a t i o n o f c a r b o x y l i c a c i d s . I n t h e absence o f a double 

bond, t h e degree o f r e t e n t i o n o f monomer f u n c t i o n a l i t y m i g h t be 

ex p e c t e d t o be c o m p a r a t i v e l y low, as i n t h e case o f a c e t i c a c i d . 

I n f a c t , however, t h e plasma polymers o f th e s e a c i d s were 

g e n e r a l l y s i m i l a r t o th o s e o f t h e u n s a t u r a t e d a c i d s . Using t h e 

same t h r e e s e t s o f c o n d i t i o n s as f o r t h e u n s a t u r a t e d a c i d s , i t 

was fo u n d t h a t a t lOW t h e r e was v e r y l i t t l e r e t e n t i o n o f 

s t r u c t u r e , w h i l e a t 2W and w i t h a p u l s e d plasma h i g h c a r b o x y l i c 

a c i d l e v e l s were observed i n t h e polymers formed. C^g s p e c t r a o f 

p r o p i o n i c a c i d plasma polymers formed a t lOW and 2W a r e shown i n 

f i g u r e 4.5. The r e s u l t s o f a l l t h e plasma p o l y m e r i s a t i o n s o f 

t h e s e a c i d s a r e p r e s e n t e d i n t a b l e s 4.7, 4.8 and 4.9. 

a) b) 

290 285 

BE (ev) BE (ev; 

F i g u r e 4.5 C l s XPS s p e c t r a o f p r o p i o n i c a c i d plasma p o l y m e r i s e d 
a t (a) low and (b) 2W 
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T a b l e 4.7 C o m p o s i t i o n 
by XPS 

o f s a t u r a t e d a c i d plasma polymers as shown 

A c i d Plasma 
c o n d i t i o n 

0:C 
r a t i o CH 

% 

C-CO2 

o f 

C-0 C=0 0-C=0 

low 0.20 68 4 16 7 4 

P r o p i o n i c 2W 0.46 50 20 5 4 20 

p u l s e d * * * * * * 

low 0.16 76 3 14 4 3 

B u t y r i c 2W 0.40 58 17 4 4 17 

p u l s e d 0. 34 64 17 5 2 14 

low 0.17 76 4 12 3 4 

V a l e r i c 2W 0.30 67 13 5 3 13 

p u l s e d 0.31 64 14 4 3 14 

. * The amount o f polymer d e p o s i t e d i n t h i s case was so s m a l l 
t h a t a l u m i n i u m s u b s t r a t e , and hydrocarbon c o n t a m i n a t i o n on i t was 
seen by XPS, and so a c c u r a t e peak f i t t i n g was n o t p o s s i b l e . An 
a c c u r a t e measurement o f t h e c o n t a c t a n g l e was a l s o n o t p o s s i b l e . 

T a b l e 4.8 C o n t a c t a n g l e s o f s a t u r a t e d c a r b o x y l i c a c i d plasma 
polymers 

Contact a n g l e w i t h w a t e r 
A c i d low 2W p u l s e d 

P r o p i o n i c 68° 0 

B u t y r i c 62° 0 0 

V a l e r i c 70° 26° 40° 
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Table 4 ^ R e t e n t i o n of oxygen and car b o x y l a t e i n plasma polymers 
of s a t u r a t e d c a r b o x y l i c a c i d s 

A c i d Plasma 
C o n d i t i o n 

low 

P r o p i o n i c 2W 

p u l s e d 

low 

B u t y r i c 2W 

p u l s e d 

low 

V a l e r i c 2W 

p u l s e d 

% Retention 
of oxygen 

30 

82 

32 

79 

68 

34 

75 

78 

% Retention 
of carboxylate 

11 
75 
* 

13 

69 

58 

20 

65 

71 

% o f oxygen 
p r e s e n t as 

c a r b o x y l a t e 

25 

91 

* 

41 

87 

85 

59 

86 

91 

The f l o w r a t e used f o r a l l t h r e e p o l y m e r i s a t i o n s o f v a l e r i c 

a c i d was o n l y 1.5 cm^/min, due t o i t s low vapour p r e s s u r e . T h i s 

may have caused i t s r e t e n t i o n o f monomer f u n c t i o n a l i t y t o be 

s l i g h t l y l e s s good t h a n i t m i g h t o t h e r w i s e have been. The c o n t a c t 

a n g l e s f o r t h e 2W and p u l s e d plasma polymers o f v a l e r i c a c i d were 

non-zero, d e s p i t e t h e f a c t t h a t t h e degree o f r e t e n t i o n o f 

c a r b o x y l a t e was q u i t e good. T h i s must be due t o t h e c o m p a r a t i v e l y 

low p e r c e n t a g e o f a c i d groups i n t h e monomer, and hence v i r t u a l l y 

a l l must be r e t a i n e d i n o r d e r t o g i v e a w e t t a b l e plasma polymer, 

as i n t h e case o f a l l y l a c e t i c a c i d . 

G e n e r a l l y t h e b e h a v i o u r o f t h e s e a c i d s was v e r y s i m i l a r t o 

t h a t o f t h e c o r r e s p o n d i n g u n s a t u r a t e d a c i d s . However, t h e 
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d e p o s i t i o n r a t e s o f t h e plasma polymers were g e n e r a l l y slower and 

t h e f i l m s were l e s s o i l y . There was a l s o no s i g n i f i c a n t 

d i f f e r e n c e i n t h e degree o f r e t e n t i o n o f a c i d groups as t h e c h a i n 

l e n g t h v a r i e d ; i f a n y t h i n g t h e t r e n d was o p p o s i t e t o t h a t shown 

by t h e u n s a t u r a t e d a c i d s . 

The p r o b a b l e e x p l a n a t i o n o f t h e r e t e n t i o n o f monomer 

s t r u c t u r e a t low W/F, i s t h a t hydrogen i s e l i m i n a t e d from 

a d j a c e n t carbon atoms i n t h e h y d r o c a r b o n c h a i n t o form an 

u n s a t u r a t e d a c i d , w h i c h t h e n p o l y m e r i s e s ( e q u a t i o n s 4.2a,b). 

E l i m i n a t i o n o f hydrogen i s w e l l known as a process which occurs 

d u r i n g plasma p o l y m e r i s a t i o n o f hydrocarbons-*--^'-^^. T h i s would 

a c c o u n t f o r t h e s l o w e r r a t e s o f p o l y m e r i s a t i o n observed, s i n c e 

o n l y t h o s e a c i d m o l e c u l e s which had a l r e a d y undergone hydrogen 

e l i m i n a t i o n c o u l d t a k e p a r t i n t h e p o l y m e r i s a t i o n . For b u t y r i c 

and v a l e r i c a c i d s t h e r e i s more t h a n one p o s s i b l e p o s i t i o n f o r a 

d o u b l e bond t o fo r m , and so t h e s e p a r a t i o n o f t h e double bond and 

a c i d g r o u p w i l l n o t n e c e s s a r i l y i n c r e a s e as t h e c h a i n l e n g t h 

i n c r e a s e s . T h i s c o u l d e x p l a i n why l i t t l e d i f f e r e n c e was observed 

i n t h e degrees o f a c i d group r e t e n t i o n between t h e s a t u r a t e d 

a c i d s . 

CH3CH2COOH -

p r o p i o n i c a c i d 

-> CH2=CHC00H -* POLYMER 4.2a 

CH3CH2CH2COOH 

b u t y r i c a c i d 

CH2=CH-CH2COOH 

• > CH3-CH=CH-C00H 

POLYMER 4.2b 
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A c e t i c a c i d cannot form a d ouble bond by hydrogen 

e l i m i n a t i o n because i t has o n l y one carbon atom a p a r t from t h e 

a c i d g r o u p . T h i s t h e r e f o r e e x p l a i n s t h e poor degree o f r e t e n t i o n 

f o r a c e t i c a c i d even under low W/F plasma c o n d i t i o n s . 

An a t t e m p t t o produce a s u r f a c e photopolymer o f p r o p i o n i c 

a c i d , u s i n g c o n v e n t i o n a l UV r a d i a t i o n and monomer pre s s u r e and 

f l o w r a t e o f 0.2 t o r r and 3.5cm-^/min r e s p e c t i v e l y , f a i l e d t o 

p r o d u c e any polymer a f t e r f i v e hours i r r a d i a t i o n t i m e . T h i s i s 

c o n s i s t e n t w i t h t h e mechanism proposed f o r t h e plasma 

p o l y m e r i s a t i o n , s i n c e i t i s u n l i k e l y t h a t much l o s s o f hydrogen 

w i l l o c c u r i n t h e UV, t o form a c r y l i c a c i d . 

4.3.3 M e t h y l M e t h a c r v l a t e 

a) Plasma p o l y m e r i s a t i o n 

H a v i n g seen t h a t c a r b o x y l i c a c i d s can be made t o r e t a i n 

t h e i r a c i d groups upon plasma p o l y m e r i s a t i o n , i t might be 

p o s s i b l e f o r an u n s a t u r a t e d e s t e r such as m e t h y l m e t h a c r y l a t e 

(MMA) t o r e t a i n i t s e s t e r groups, and form a m a t e r i a l s i m i l a r t o 

p o l y m e t h y l m e t h a c r y l a t e (PMMA). The plasma p o l y m e r i s a t i o n o f MMA 

was t h e r e f o r e c a r r i e d o u t under t h e f o l l o w i n g s e t s o f c o n d i t i o n s : 

( i ) power = lOW, p r e s s u r e = 0.15 t o r r , f l o w r a t e = 0.5 cm-^/min, 

( i i ) power = 2W, p r e s s u r e = 0.17 t o r r , f l o w r a t e = 10 cm^/min, 

( i i i ) p u l s e d plasma, average power = 1.5W, p r e s s u r e = 0.19 t o r r , 

f l o w r a t e = 2cm-^/min. The r e s u l t s o f t h e s e experiments are shown 

i n t a b l e 4.10, and XPS C-|̂g s p e c t r a o f t h e plasma polymers formed 

a t low and 2W a r e shown i n f i g u r e 4.6. 

As e x p e c t e d t h e lOW polymer r e t a i n s v e r y l i t t l e e s t e r , as 

shown by t h e low 0-C=0 peak. However, t h e 2W and p u l s e d plasmas 
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a l s o p r o d u c e d polymers w i t h f a i r l y low degrees o f c a r b o x y l a t e 

r e t e n t i o n (54 and 5 7 % ) , l o w e r t h a n f o r any o f t h e c a r b o x y l i c 

a c i d s s t u d i e d , e x c e p t f o r a c e t i c a c i d . C o m p a r i t i v e l y l a r g e 

numbers o f C-0 and C=0 environments were c r e a t e d d u r i n g 

p o l y m e r i s a t i o n , showing c o n s i d e r a b l e rearrangement o f t h e e s t e r 

g r o u p . I t can be c o n c l u d e d t h e r e f o r e t h a t t h e plasma 

p o l y m e r i s a t i o n o f m e t h y l m e t h a c r y l a t e does n o t p r o v i d e good 

T a b l e 4.10 Polymers o f M e t h y l M e t h a c r y l a t e 

% 
o f 

C I s 

CH 

C-CO2 

C-0 

C=0 

0-C=0 

C-0 n o t p r e s e n t 
as e s t e r 

% R e t e n t i o n o f 
c a r b o x y l a t e 

c o n t a c t a n g l e 

low 

67 

4 

21 

4 

4 

18 

18 

70^ 

Plasma c o n d i t i o n 

2W 

46 

11 

25 

7 

11 

14 

54 

67° 

p u l s e d 

50 

11 

22 

5 

11 

11 

57 

68° 
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a) 

BE (ev) 

290 285 

^ i q ^ ^ e 4 ^ XPS s p e c t r a o f MMA plasma p o l y m e r i s e d a t (a) lOW 
and (b) 2W 

r e t e n t i o n o f monomer f u n c t i o n a l i t y , and so i s d i f f e r e n t from t h a t 

o f t h e u n s a t u r a t e d c a r b o x y l i c a c i d s . 

The s t r u c t u r e o f MMA d i f f e r s f rom t h a t o f a c r y l i c a c i d i n 

two r e s p e c t s : ( i ) i t i s a m e t h y l e s t e r , r a t h e r t h a n an a c i d , and 

( i i ) i t has a m e t h y l group on t h e carbon atom n e x t t o t h e a c i d 

g r o u p . Which, i f e i t h e r , o f th e s e i s r e s p o n s i b l e f o r t h e 

d i f f e r e n c e i n b e h a v i o u r d u r i n g plasma p o l y m e r i s a t i o n c o u l d be 

a s c e r t a i n e d by comparing t h e low W/F plasma polymer o f MMA w i t h 

t h o s e o f ( i ) m e t h a c r y l i c a c i d , and ( i i ) m e t h y l a c r y l a t e . The 

r e s u l t s o f t h e 2W plasma p o l y m e r i s a t i o n s o f these compounds are 

shown i n t a b l e 4.11. 
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T a b l e 4.11 Comparison of 2W plasma polymers of methyl 
m e t h a c r y l a t e , methyl a c r y l a t e and m e t h a c r y l l c a c i d . 

methyl 
m e t h a c r y l a t e 

m e t h a c r y l i c 
a c i d 

% 

of 

C 1-

CH 

C-COa 

C-0 

C=0 

0-C=0 

C-0 not p r e s e n t 
a s e s t e r 

% R e t e n t i o n of 
c a r b o x y l a t e 

47 57 

11 17 

25 7 

7 2 

11 17 

15 * 

54 67 

* Not a p p l i c a b l e 

methyl 
a c r y l a t e 

50 

16 

18 

0 

16 

2 

63 

The d e g r e e s o f c a r b o x y l a t e r e t e n t i o n i n t h e m e t h a c r y l i c a c i d 

and methyl a c r y l a t e plasma polymers a r e both h i g h e r than f o r t h a t 

of HMA. More i m p o r t a n t l y , many fewer C-0 and C=0 environments 

have been c r e a t e d , showing much l e s s r e a r r a n g e m e n t of the 

c a r b o x y l a t e group d u r i n g plasma p o l y m e r i s a t i o n . The m e t h a c r y l i c 

a c i d polymer had a c o n t a c t a n g l e w i t h water too low to measure. 

H e t h a c r y l i c a c i d and methyl a c r y l a t e t h e r e f o r e both behave l i k e 

a c r y l i c a c i d , r e t a i n i n g t h e i r f u n c t i o n a l groups, and not l i k e 

MMA. The f a i l u r e o f HMA t o r e t a i n i t s s t r u c t u r e d u r i n g low W/F 

plasma p o l y m e r i s a t i o n c a n n o t , t h e r e f o r e , be due to the f a c t t h a t 

i t i s an e s t e r o r , due to i t s e x t r a methyl group, but i s a 

s p e c i f i c p r o p e r t y of methyl m e t h a c r y l a t e . 
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^•3-4 P h o t o p o l v m e r i s a t i o n o f M e t h y l M e t h a g r y l a t e 

F u r t h e r i n s i g h t i n t o t h e plasma p o l y m e r i s a t i o n o f MMA might 

be o b t a i n e d f r o m s t u d y i n g i t s s u r f a c e p h o t o p o l y m e r i s a t i o n . I f a 

polymer s i m i l a r t o t h e plasma polymer i s produced, as i n t h e case 

o f t h e u n s a t u r a t e d a c i d s , t h e n t h e mechanism o f plasma 

p o l y m e r i s a t i o n i s p r o b a b l y s i m i l a r t o t h a t o f t h e a c i d s , w i t h t h e 

e f f i c i e n c y o f r e t e n t i o n j u s t b e i n g s l i g h t l y worse. I f a 

pho t o p o l y m e r s i m i l a r t o c o n v e n t i o n a l PMMA i s produced ( i e much 

b e t t e r r e t e n t i o n o f f u n c t i o n a l i t y t h a n i n t h e plasma p o l y m e r ) , 

t h e n t h e plasma p o l y m e r i s a t i o n i s p r o b a b l y made up o f two 

c o mpeting p r o c e s s e s : ( i ) a " c o n v e n t i o n a l " r a d i c a l p o l y m e r i s a t i o n 

t y p e p r o c e s s , l i k e t h a t w h i c h dominates i n t h e case o f t h e a c i d s , 

and ( i i ) a n o t h e r h i g h e r energy process w h i c h d i s r u p t s t h e e s t e r 

g roup. I f no photopolymer i s formed t h e n t h e mechanism must be 

c o m p l e t e l y d i f f e r e n t from t h a t o f t h e a c i d s , i n v o l v i n g a h i g h 

energy pathway, and no c o n v e n t i o n a l r a d i c a l p o l y m e r i s a t i o n . 

The p h o t o l y s i s o f MMA vapour a t a p r e s s u r e o f 0.2 t o r r and a 

f l o w r a t e o f 5 cm-^/min f a i l e d t o produce any polymer a f t e r 3V2 

ho u r s . The mechanism o f t h e plasma p o l y m e r i s a t i o n must t h e r e f o r e 

be c o m p l e t e l y d i f f e r e n t from t h a t o f t h e a c i d s . However, a t a 

much h i g h e r vapour p r e s s u r e (8 t o r r ) a s u r f a c e 

p h o t o p o l y m e r was formed r a p i d l y . XPS a n a l y s i s o f t h i s polymer 

showed t h a t i t was n o t l i k e any o f t h e plasma polymers o f MMA but 

was v e r y s i m i l a r t o c o n v e n t i o n a l PMMA (see t a b l e 4.12). The C-ĵ g 

c o r e l e v e l spectrum o f t h i s polymer i s shown i n f i g u r e 4.7. T h i s 

i s i n agreement w i t h M e l v i l l e - ^ - ^ and Tsao and E r l i c h - ^ ^ , who bo t h 

observed PMMA f o r m a t i o n f r o m p h o t o l y s i s o f MMA a t t h i s s o r t o f 

p r e s s u r e . The s m a l l d i f f e r e n c e s between t h e c o m p o s i t i o n o f t h e 
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p o l y m e r observed and t h a t o f PMMA c o u l d be due t o UV wavelengths 

o f l e s s t h a n 230 nm, which were observed by M e l v i l l e t o cause 

some d e c o m p o s i t i o n o f MMA. 

T a b l e 4.12 Comparison o f Ĉ ĝ core l e v e l s p e c t r a o f plasma and 
photopolymers o f MMA 

% o f C I s 
CH C-CO2 C-0 C=0 0-C= 

Plasma Polymer (lOW) 67 4 21 4 4 

Plasma Polymer (2W) 46 11 25 6 11 

Photopolymer (8 t o r r ) 42 18 20 2 18 

PMMA ( t h e o r e t i c a l ) 40 20 20 0 20 

290 285 
Bt (eV) 

F i g u r e 4.7 C l s XPS spectrum o f MMA p h o t o p o l y m e r i s e d a t 8 t o r r 
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To f u r t h e r examine t h e p h o t o p o l y m e r i s a t i o n o f MMA d e p o s i t i o n 

r a t e measurements were made d u r i n g UV i r r a d i a t i o n a t 8 t o r r . 

Measurements were c o n t i n u e d a f t e r i r r a d i a t i o n had ceased i n o r d e r 

t o d e t e r m i n e whether t h e polymer c o n t i n u e d t o grow i n t h e dark as 

ob s e r v e d by M e l v i l l e , o r n o t as c l a i m e d by Tsao and E r l i c h . A 

p l o t o f f i l m t h i c k n e s s a g a i n s t t i m e i s shown i n f i g u r e 4.8. 

For t h e f i r s t f i v e minutes a f t e r t h e l i g h t was s w i t c h e d on 

t h e f i l m t h i c k n e s s decreased. T h i s must correspond t o 

d e p o l y m e r i s a t i o n o f polymer a l r e a d y p r e s e n t on t h e t h i c k n e s s 

m o n i t o r f r o m p r e v i o u s e x p e r i m e n t s . The UV lamp t a k e s some t i m e t o 

"warm up" a f t e r s w i t c h i n g on. D u r i n g t h i s t i m e c o m p a r a t i v e l y 

l i t t l e UV r a d i a t i o n i s e m i t t e d , b u t t h e lamp does g i v e o u t i n f r a 

r e d r a d i a t i o n . T h i s must heat up t h e polymer on t h e t h i c k n e s s 

m o n i t o r , c a u s i n g t h e r m a l d e p o l y m e r i s a t i o n . A f t e r about 10 minutes 

t h e UV o u t p u t has reached a maximum v a l u e and causes r a p i d 

p o l y m e r i s a t i o n . The p o l y m e r i s a t i o n o c c u r s much f a s t e r t h a n any 

co m p e t i n g d e p o l y m e r i s a t i o n process, and so t h e m o n i t o r r e a d i n g 

i n c r e a s e s r a p i d l y . A f t e r about 15 minutes t h e r a t e o f 

p o l y m e r i s a t i o n b e g i n s t o decrease a g a i n . T h i s i s due t o 

a b s o r p t i o n o f UV l i g h t by polymer b u i l d i n g up on t h e c a l c i u m 

f l u o r i d e window, c a u s i n g a r e d u c t i o n i n t h e UV f l u x r e a c h i n g t h e 

r e a c t i o n chamber. 

A f t e r 20 m i n u t e s t h e UV lamp was s w i t c h e d o f f . As can be 

seen f r o m t h e g r a p h , polymer growth c o n t i n u e s a t a slo w e r b u t 

r o u g h l y c o n s t a n t r a t e . The r a t e o f t h i s g r o w t h decreased o n l y 

g r a d u a l l y ; t h e r e a d i n g was observed t o be s t i l l s l o w l y i n c r e a s i n g 

2 days l a t e r . T h i s o b s e r v a t i o n i s i n agreement w i t h t h a t o f 
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? 

(sp-uzisnoyx/ 

F i g u r e 4.8 D e p o s i t i o n r a t e s o f an MMA photopolymer a t 8 t o r r 
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M e l v i l l e , d e s p i t e t h e f a c t t h a t no mercury was p r e s e n t t o a c t as 

a t r i p l e t s e n s i t i s e r . I t i s p o s s i b l e t h a t Tsao and E r l i c h d i d n o t 

n o t i c e p o l y m e r i s a t i o n i n t h e d a r k because i t i s slow compared t o 

t h a t d u r i n g UV i r r a d i a t i o n . U n l i k e M e l v i l l e ' s o b s e r v a t i o n s , 

however, no f o r m a t i o n o f polymer was observed i n t h e gas phase. 

T h i s t y p e o f " l i v i n g " p o l y m e r i s a t i o n has a l s o been observed 

f o r MMA i n a plasma i n i t i a t e d r e a c t i o n by Kuzuya e t . a l ^ ^ . A 

plasma p o l y m e r was formed f r o m one o f a v a r i e t y o f monomers on 

t h e w a l l s o f a g l a s s ampule. A f t e r t h e plasma was e x t i n g u i s h e d 

MMA, a t i t s s a t u r a t e d vapour p r e s s u r e , was i n t r o d u c e d and t h e 

ampule s e a l e d . P o l y m e r i s a t i o n o f t h e MMA was found t o occur on 

t h e plasma polymer, t h e t r a p p e d f r e e r a d i c a l s i n t h e polymer 

a c t i n g as i n i t i a t i o n s i t e s , and t o c o n t i n u e f o r s e v e r a l days. I t 

w o u l d t h e r e f o r e appear t h a t MMA vapour, a t a p r e s s u r e o f a few 

t o r r o r more, w i l l p o l y m e r i s e i n t h i s way whenever i t comes i n t o 

c o n t a c t w i t h a s u r f a c e c o n t a i n i n g f r e e r a d i c a l s i t e s t o a c t as 

i n i t i a t o r s . 

C o n t i n u i n g g r o w t h o f polymer f o r a l o n g p e r i o d a f t e r 

i r r a d i a t i o n had ceased must i m p l y t h e presence on t h e s u r f a c e o f 

l o n g l i v e d f r e e r a d i c a l s a t t h e end o f g r o w i n g polymer c h a i n s . 

T h i s t h e r e f o r e shows t h a t t h e p h o t o p o l y m e r i s a t i o n o f MMA under 

t h e s e c o n d i t i o n s proceeds v i a a r a d i c a l c h a i n g r o w t h mechanism. 

The reason f o r t h e l a c k o f polymer f o r m a t i o n a t lower 

p r e s s u r e s i s p r o b a b l y due t o t h e b a lance between t h e competing 

p o l y m e r i s a t i o n and d e p o l y m e r i s a t i o n p rocesses. A t 8 t o r r t h e 

p o l y m e r i s a t i o n o c c u r r e d more r a p i d l y t h a n d e p o l y m e r i s a t i o n , so 

n e t p o l y m e r f o r m a t i o n was observed. However t h e c r i t i c a l 

t e m p e r a t u r e f o r polymer f o r m a t i o n , above which polymer f o r m a t i o n 
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w i l l n o t o c c u r , i s known t o decrease as t h e p r e s s u r e i s 

lowered"^^. T h i s i s due t o t h e e n t r o p y t e r m becoming i n c r e a s i n g l y 

u n f a v o u r a b l e . A t 0.2 t o r r i t i s t h e r e f o r e l i k e l y t h a t t h e 

c r i t i c a l t e m p e r a t u r e i s exceeded a t room t e m p e r a t u r e , and so 

d e p o l y m e r i s a t i o n w i l l dominate and p o l y m e r i s a t i o n w i l l n o t occur. 

Measurements u s i n g t h e t h i c k n e s s m o n i t o r f o r t h e p h o t o l y s i s a t 

0.2 t o r r , show a n e g a t i v e s l o p e , i n d i c a t i n g t h a t n e t 

d e p o l y m e r i s a t i o n i s o c c u r i n g . I n t h e plasma t h e p r e s s u r e i s 0.2 

t o r r o r l e s s , so t h e c o n v e n t i o n a l t y p e o f p o l y m e r i s a t i o n cannot 

o c c u r , and so t h e monomer f u n c t i o n a l i t y i s n o t r e t a i n e d . The 

re a s o n why t h e o t h e r monomers can c o n v e n t i o n a l l y p o l y m e r i s e t o 

some e x t e n t under plasma c o n d i t i o n s , and so r e t a i n c a r b o x y l a t e 

g r o u p s i n t h e i r plasma polymers, i s t h o u g h t t o be due t o g r e a t e r 

t h e r m a l s t a b i l i t y o f t h e i r c o n v e n t i o n a l polymers. 
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4 ^ SUMMARY 
C a r b o x y l i c a c i d monomers c o n t a i n i n g an o l e f i n i c double bond 

can be made t o r e t a i n a h i g h p e r c e n t a g e o f a c i d groups upon 
plasma p o l y m e r i s a t i o n , p r o d u c i n g a v e r y h y d r o p h i l i c s u r f a c e . T h i s 
can be a c h i e v e d by u s i n g v e r y low power and h i g h f l o w r a t e 
c o n d i t i o n s , i n a c o n t i n u o u s o r p u l s e d plasma. S i m i l a r polymers 
can be produced p h o t o c h e m i c a l l y , s u g g e s t i n g t h a t c o n v e n t i o n a l 
r a d i c a l p o l y m e r i s a t i o n i s i m p o r t a n t i n t h e plasma p o l y m e r i s a t i o n 
mechanism under t h e s e c o n d i t i o n s . S t r a i g h t c h a i n s a t u r a t e d 
c a r b o x y l i c a c i d s l o s e hydrogen i n a plasma t o form a double bond, 
and so p o l y m e r i s e i n a s i m i l a r way t o t h e u n s a t u r a t e d a c i d s . 
A c e t i c a c i d i s an e x c e p t i o n t o t h i s , as i t i s unable t o form an 
o l e f i n i c d o u b l e bond. E s t e r s , such as meth y l a c r y l a t e can a l s o 
behave i n a s i m i l a r manner, b u t m e t h y l m e t h a c r y l a t e does n o t . 
T h i s i s p r o b a b l y due t o t h e low t h e r m a l s t a b i l i t y o f p o l y m e t h y l 
m e t h a c r y l a t e i n a vacuum. MMA does n o t p h o t o p o l y m e r i s e a t plasma 
p o l y m e r i s a t i o n p r e s s u r e s , b u t a t h i g h e r p r e s s u r e s produces a 
ph o t o p o l y m e r s i m i l a r t o c o n v e n t i o n a l PMMA. T h i s forms v i a a c h a i n 
g r o w t h mechanism and c o n t a i n s l o n g l i v e d a c t i v e f r e e r a d i c a l 
c h a i n ends. The d i f f e r e n c e i n b e h a v i o u r o f MMA d u r i n g p h o t o l y s i s 
a t 8 t o r r and 0.2 t o r r shows t h e importance o f u s i n g s i m i l a r 
c o n d i t i o n s when comparing plasma p o l y m e r i s a t i o n w i t h s u r f a c e 
p h o t o p o l y m e r i s a t i o n . 
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CHAPTER 5 

PLASMA POLYMERS CONTAINING IODINE 
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5.1 INTRODUCTION 
Polymers w i t h a h i g h degree o f r e s i s t a n c e t o e t c h i n g by 

oxygen plasmas a r e p o t e n t i a l l y u s e f u l as r e s i s t m a t e r i a l s i n t h e 

e l e c t r o n i c s i n d u s t r y . An example o f a way i n which t h i s k i n d o f 

p r o p e r t y can be a c h i e v e d i s i n t h e i n c o r p o r a t i o n o f i o d i n e i n t o 

p o l y m e r s . E x p e r i m e n t s w i t h i o d i n a t e d p o l y s t y r e n e ^ demonstrated 

t h a t as t h e i o d i n e c o n t e n t o f t h e polymer was i n c r e a s e d , t h e r a t e 

o f e t c h i n g i n an oxygen plasma decreased c o r r e s p o n d i n g l y (see 

f i g u r e 5 . 1 ) . The i n c r e a s e d r e s i s t a n c e t o o x i d a t i o n was a s c r i b e d 

t o t h e f o r m a t i o n o f a s u r f a c e l a y e r o f r e l a t i v e l y i n v o l a t i l e 

o x i d i s e d i o d i n e s p e c i e s . T h i s l a y e r p r o t e c t e d t h e hydrocarbon 

p a r t o f t h e polymer from o x i d a t i o n , and hence b e i n g l o s t as 

car b o n monoxide, carbon d i o x i d e and w a t e r . 

Munro and Beer^ found t h a t i f i o d i n e vapour was i n c o r p o r a t e d 

i n t o an oxygen plasma, t h e n t h e s u r f a c e o x i d a t i o n o f a 

20 ^0 60 80 
lOOINATION DEGREE OF IPS (V.) 

F i g u r e 5.1 Dependence o f t h e r e l a t i v e r a t e s o f i o d i n a t e d 
p o l y s t y r e n e f i l m l o s s on t h e degree o f i o d i n a t i o n 

154 



p o l y e t h y l e n e s u b s t r a t e was c o n s i d e r a b l y reduced. T h i s was again 

e x p l a i n e d by t h e f o r m a t i o n o f a p r o t e c t i v e l a y e r o f o x i d i s e d 

i o d i n e on t h e s u r f a c e o f t h e p o l y e t h y l e n e , o r i g i n a t i n g from 

i o d i n e s p e c i e s i n c o r p o r a t e d i n t o t h e polymer f r o m t h e plasma. 

Plasma p o l y m e r i s a t i o n r e p r e s e n t s a c o n v e n i e n t one stage 

method f o r p u t t i n g down a t h i n p o l y m e r i c r e s i s t " ^ . U n f o r t u n a t e l y 

however, i t i s n o t easy t o i n c o r p o r a t e i o d i n e i n t o a plasma 

polymer, due t o t h e weak n a t u r e o f t h e carbon i o d i n e bond which 

t e n d s t o b r e a k d u r i n g t h e p o l y m e r i s a t i o n p r o c e s s . An i o d i n e 

c o n t a i n i n g plasma polymer d e r i v e d from iodomethane has been 

r e p o r t e d ^ w i t h an i o d i n e t o carbon e l e m e n t a l r a t i o o f 1:11. T h i s 

r e p r e s e n t s an e l i m i n a t i o n o f over 90% o f t h e i o d i n e o r i g i n a l l y 

p r e s e n t i n t h e s t a r t i n g monomer. 

The aim o f t h e work p r e s e n t e d i n t h i s c h a p t e r i s t o d i s c o v e r 

methods o f r e d u c i n g t h e l o s s o f i o d i n e d u r i n g t h e plasma 

p o l y m e r i s a t i o n o f i o d o compounds. Two main approaches a r e 

c o n s i d e r e d : 

( i ) Plasma c o p o l y m e r i s a t i o n o f iodobenzene w i t h benzene, 

( i i ) Plasma p o l y m e r i s a t i o n o f a l l y l i o d i d e . 

The t e r m "plasma c o p o l y m e r i s a t i o n " i m p l i e s some s o r t o f 

i n t e r a c t i o n between t h e two co-monomers i n t h e gas phase, t o 

produce a m a t e r i a l t h a t may be d i f f e r e n t from a l i n e a r 

c o m b i n a t i o n o f t h e plasma polymers o f t h e i n d i v i d u a l monomers. An 

example o f t h e d i f f e r e n c e between plasma c o p o l y m e r i s a t i o n and 

plasma c o d e p o s i t i o n can be found i n d e p o s i t i o n r a t e measurements 

i n t h e f o l l o w i n g systems^. M i x t u r e s o f h e x a m e t h y l d i s i l o x a n e and 

m e t h y l m e t h a c r y l a t e ( f i g u r e 5.2a) show a l i n e a r r e l a t i o n s h i p 

between d e p o s i t i o n r a t e and vapour c o m p o s i t i o n , i n d i c a t i n g 
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c o d e p o s i t i o n , w h i l e s t y r e n e and v i n y l a c e t a t e m i x t u r e s show a 

s i g n i f i c a n t n e g a t i v e d e v i a t i o n , i n d i c a t i n g t h a t c o p o l y m e r i s a t i o n 

i s o c c u r r i n g . An example o f c o p o l y m e r i s a t i o n a f f e c t i n g t h e 

c o m p o s i t i o n o f a polymer i s i n t h e c o p o l y m e r i s a t i o n o f 

n a p h t h a l e n e and p e r f l u o r o n a p h t h a l e n e ^ , w h i c h shows c o n s i d e r a b l e 

d e v i a t i o n f r o m t h e t h e o r e t i c a l c o m p o s i t i o n ( f i g u r e 5.3). 

R e s u l t s f r o m mass s p e c t r a l a n a l y s i s o f a benzene / 

p e r f l u o r o b e n z e n e plasma, p r e s e n t e d i n c h a p t e r 3, showed t h a t 

t h e r e was c o n s i d e r a b l e gas phase i n t e r a c t i o n between t h e two. I f 

t h i s i s g e n e r a l l y t r u e f o r a r o m a t i c s p e c i e s , t h e n 

c o p o l y m e r i s a t i o n may occur from a benzene / iodobenzene plasma. 

I n t e r a c t i o n between t h e two monomers may l e a d t o an a l t e r n a t i v e 

r e a c t i o n r o u t e f o r t h e iodobenzene, s u p p r e s s i n g t h e e l i m i n a t i o n 

o f i o d i n e . A l t h o u g h t h e s t o i c h i o m e t r i e s o f t h e s t a r t i n g m i x t u r e s 

mean t h a t t h e amount o f i o d i n e expected i n any polymer must be 

f a i r l y s m a l l , t h e p r i n c i p l e m i g h t a l s o be a p p l i c a b l e t o monomers 

w i t h h i g h e r i o d i n e c o n t e n t t o produce more h e a v i l y i o d i n a t e d 

plasma p o l y m e r s . 

A l l y l compounds plasma p o l y m e r i s e d a t low power and h i g h 

f l o w r a t e have been found t o r e t a i n a h i g h percentage o f t h e i r 

f u n c t i o n a l groups^. The d a t a f o r t h e plasma p o l y m e r i s a t i o n o f 

c a r b o x y l i c a c i d s , i n c h a p t e r 4, suggests t h a t i t i s n o t t h e a l l y l 

g r o u p w h i c h i s i m p o r t a n t , b u t t h e presence o f , o r a b i l i t y t o 

f o r m , a d o u b l e bond which c o u l d l e a d t o a d d i t i o n p o l y m e r i s a t i o n . 

A l l y l i o d i d e f u l f i l s t h i s r e q u i r e m e n t , and so m i g h t be expected 

t o r e t a i n a h i g h p e r c e n t a g e o f i o d i n e i n i t s plasma polymer. 

The s e r i e s o f i o d i n e c o n t a i n i n g plasma polymers formed by 

t h e c o p o l y m e r i s a t i o n method ar e t r e a t e d w i t h an oxygen plasma t o 
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examine t h e i r r e s i s t a n c e t o o x i d a t i o n . The s u r f a c e c o m p o s i t i o n s 

b e f o r e and a f t e r t r e a t m e n t are analysed u s i n g XPS t o gauge t h e 

o x i d a t i o n l e v e l and i o d i n e c o n t e n t o f t h e polymer s u r f a c e s . 

5.2 EXPERIMENTAL 

Plasma p o l y m e r i s a t i o n s were c a r r i e d o u t as d e s c r i b e d i n 

c h a p t e r 2, u s i n g t h e r e a c t o r shown i n c h a p t e r 4. For t h e 

c o p o l y m e r i s a t i o n e x p e r i m e n t s t h e two monomer vapours were f e d 

i n t o t h e r e a c t o r t h r o u g h a "T-piece" arrangement ( f i g u r e 5.4), so 

t h a t t h e y would be mixed b e f o r e e n t e r i n g t h e plasma. The f l o w 

r a t e o f each monomer was c o n t r o l l e d by a s e p a r a t e needle 

v a l v e , and was measured s e p a r a t e l y by c l o s i n g o f f t h e t a p t o 

t h e o t h e r monomer f e e d . The monomer r a t i o s quoted i n t h i s 

c h a p t e r a r e t h e r a t i o s o f t h e f l o w r a t e s . 

"0 
reactor 

needle 
valves 

Denzene 

iodo -
benzene 

F i g u r e 5.4 " T - p i e c e " arrangement f o r plasma c o p o l y m e r i s a t i o n 
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Monomers were s u p p l i e d by A l d r i c h and degassed b e f o r e use 

u s i n g a s u c c e s s i o n o f f r e e z e thaw c y c l e s . lodobenzene and a l l y l 

i o d i d e a r e l i g h t s e n s i t i v e and so t h e i r monomer tubes were 

wrapped i n a l u m i n i u m f o i l . A l l y l i o d i d e i s a l s o heat s e n s i t i v e , 

and so was k e p t i n a r e f r i g e r a t o r between r u n s . 

S u r f a c e p h o t o p o l y m e r i s a t i o n s were c a r r i e d o u t as i n c h a p t e r 

f o u r . 

Oxygen plasma t r e a t m e n t s were c a r r i e d o u t i n a Po l a r o n E2000 

plasma a s h e r / e t c h e r pumped by an A l c a t e l r o t a r y o i l pump t o a 

base p r e s s u r e o f 4 x 10~^ mbar. Oxygen, s u p p l i e d by BOC, was 

i n t r o d u c e d t o t h e r e a c t i o n chamber t o a p r e s s u r e o f 0.2 mbar, and 

t h e p olymer samples were s u b j e c t e d t o a 20 w a t t plasma f o r one 

m i n u t e . 

XPS a n a l y s e s were c a r r i e d o u t on a K r a t o s ES300 XPS 

s p e c t r o m e t e r . UV s p e c t r a were t a k e n o f plasma polymers d e p o s i t e d 

o n t o q u a r t z , u s i n g a Pye Unicam SP 8000 v i s i b l e / U V 

s p e c t r o p h o t o m e t e r . S o l i d s t a t e NMR s p e c t r a were o b t a i n e d from a 

CXP-200 NMR s p e c t r o m e t e r u s i n g s o l i d adamantane as a r e f e r e n c e 

m a t e r i a l . The car b o n RF f i e l d s t r e n g t h was a d j u s t e d t o a l l o w f o r 

maximum t r a n s v e r s e magnetism o f t h e adamantane s i g n a l (̂ -̂ C RF 

f i e l d s t r e n g t h = 6 2 . 5 kHz) and t h e Hartmann-Hahn match was t h e n 

s e t by v a r i a t i o n o f t h e p r o t o n RF f i e l d s t r e n g t h u n t i l a maximum 

adamantane s i g n a l was observed. Slow s p i n n i n g , a 1.5 ms c o n t a c t 

t i m e and a r e c y c l e d e l a y o f 5s were used. The s h i f t s were 

c o n v e r t e d t o t h e TMS s c a l e by u s i n g a s h i f t o f 38.4 ppm f o r t h e 

h i g h e r f r e q u e n c y adamantane resonance s h i f t . A f t e r t h i s procedure 

t h e s p e c t r o m e t e r was ready t o p e r f o r m t h e c r o s s - p o l a r i s a t i o n 

e x p e r i m e n t on t h e sample. For t h e samples s t u d i e d t h e s p i n n i n g 
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f r e q u e n c y was v a r i e d t o d i f f e r e n t i a t e between t h e major 

resonances and t h e s p i n n i n g sidebands. The peak i n t e n s i t i e s are 

n o t u s u a l l y q u a n t i t a t i v e b u t depend on t h e c o n t a c t t i m e used. I n 

t h i s case however t h e r e l a t i v e i n t e n s i t i e s o f t h e peaks was 

obs e r v e d t o remain c o n s t a n t as t h e c o n t a c t t i m e was v a r i e d , and 

so t h e peak areas can be t a k e n t o be a p p r o x i m a t e l y q u a n t i t a t i v e . 

5.3 RESULTS AND DISCUSSION 

5.3.1 lodobenzene /_ Benzene Plasma Copolymers 

Plasma copolymers o f benzene and iodobenzene were prepared 

f r o m monomer f e e d r a t i o s o f iodobenzene : benzene o f 1:2, 1:1, 

2:1, and 4:1. A l l were p r e p a r e d u s i n g a t o t a l monomer p r e s s u r e o f 

about 10"-^ t o r r and a plasma power o f 18 w a t t s . I n d i v i d u a l plasma 

p o l y m e r s o f benzene and iodobenzene were a l s o p r e p a r e d under t h e 

same c o n d i t i o n s . XPS a n a l y s i s o f th e s e polymers shows t h e 

presence o f carbo n and ( e x c e p t f o r t h e benzene plasma 

polymer) i o d i n e , i n a l l cases. The 13^^^^ c o r e l e v e l s p e c t r a 

showed a s i n g l e peak a t 620.5 eV c o n s i s t e n t w i t h i o d i n e 

c o v a l e n t l y bonded t o carbon, o r as I 2 . There was g e n e r a l l y a l s o a 

s m a l l peak i n t h e O-ĵ g c o r e l e v e l s p e c t r a a t about 532.7 eV, 

i n d i c a t i n g t h e presence o f oxygen i n a l l cases. XPS s p e c t r a f o r 

t h e iodobenzene plasma polymer a r e shown i n f i g u r e 5.5, and t h e 

C:I and C:0 e l e m e n t a l r a t i o s a r e l i s t e d on t a b l e 5.1. 
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F i g u r e 5.5 XPS c o r e l e v e l s p e c t r a o f an iodobenzene plasma 
polymer, (a) Ĉ ĝ, (b) 0-^^ and (c) 13^^ / 

161 



T a b l e 5.1 E l e m e n t a l r a t i o s f o r iodobenzene/benzene plasma 
polymers and copolymers 

Plasma Polymer/Copolymer I:C R a t i o 
(polymer) 

I:C R a t i o 
(monomer) 

0:C R a t i o 
(polymer) 

Benzene 0 0 1:16 

lodobenzene/benzene 1:2 1: 39 1:18 1:82 

lodobenzene/benzene 1:1 1:29 1:12 1:58 

lodobenzene/benzene 2:1 1:22 1:9 1:52 

lodobenzene/benzene 4:1 1:21 1:7.5 1:50 

lodobenzene 1:26 1:6 1:39 

The oxygen c o n t e n t o f a l l t h e plasma polymers i s so low as 

t o be a l m o s t n e g l i g i b l e i n a l l cases e x c e p t t h a t o f t h e benzene 

plasma polymer. T h i s m i g h t i n d i c a t e t h a t t h e presence o f i o d i n e 

i s i n h i b i t i n g o x i d a t i o n o f t h e polymers, b u t c o u l d a l s o be due t o 

t h e benzene plasma polymer h a v i n g been l e f t i n a i r l o n g e r b e f o r e 

XPS a n a l y s i s . 

The r e s u l t s show t h a t some i o d i n e i s l o s t d u r i n g t h e 

f o r m a t i o n o f a l l t h e polymers. The h i g h e s t l e v e l o f i o d i n e i n any 

o f t h e p o l y m e r s was about 1 i o d i n e p e r 20 carbon atoms. T h i s 

o c c u r r e d i n t h e cases o f t h e 2:1 and 4:1 iodobenzene/benzene 

c o p o l y m e r s . The i o d i n e c o n c e n t r a t i o n found i n t h e plasma polymer 

o f p u r e iodobenzene corresponded t o o n l y 1 i n 26 carbon atoms. 

F i g u r e 5.6 shows a p l o t o f t h e i o d i n e c o n t e n t o f t h e plasma 

p o l y m e r s v e r s u s t h e p e r c e n t a g e o f iodobenzene i n t h e monomer 

f e e d . I t can be seen t h a t t h e r e i s a s t r o n g p o s i t i v e d e v i a t i o n 

f r o m l i n e a r i t y , i n d i c a t i n g t h a t t r u e plasma c o p o l y m e r i s a t i o n i s 
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F i g u r e 5.6 V a r i a t i o n o f t h e i o d i n e c o n t e n t o f iodobenzene/benzene 
plasma copolymers w i t h monomer f e e d r a t i o 
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F i g u r e 5.7 The p e r c e n t a g e o f i o d i n e r e t a i n e d i n iodobenzene / 
benzene plasma copolymers as a f u n c t i o n o f monomer 
f e e d r a t i o 
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t a k i n g p l a c e . The graph suggests t h a t t h e optimum i o d i n e c o n t e n t 

o c c u r s w i t h a monomer f e e d c o n t a i n i n g 70-80% iodobenzene. The 

p e r c e n t a g e o f i o d i n e r e t a i n e d , however, i s h i g h e s t when t h e 

amount o f iodobenzene i n t h e monomer r a t i o i s low, shown 

g r a p h i c a l l y by f i g u r e 5.7. I n t h e case o f pure iodobenzene o n l y 

2 3% o f t h e i o d i n e p r e s e n t i n t h e monomer i s r e t a i n e d , w h i l e 

copolymers from a 70-80% iodobenzene m i x t u r e r e t a i n about 37%. As 

t h e amount o f iodobenzene i n t h e monomer m i x t u r e i s decreased, 

t h e p e r c e n t a g e o f i o d i n e r e t a i n e d becomes even h i g h e r , r e a c h i n g 

about 45% f o r low iodobenzene c o n c e n t r a t i o n s . The percentage o f 

i o d i n e f o u n d i n t h e polymer i s t h e r e f o r e a compromise between t h e 

amount o f i o d i n e o r i g i n a l l y p r e s e n t and t h e percentage r e t a i n e d 

upon plasma p o l y m e r i s a t i o n , a compromise which leads t o a maximum 

i o d i n e c o n t e n t i n t h e case o f a copolymer from a 70-80% 

iodobenzene/benzene m i x t u r e . 

The reason f o r t h e i n c r e a s e d r e t e n t i o n o f i o d i n e when 

benzene i s p r e s e n t must be due t o some i n t e r a c t i o n between t h e 

iodobenzene and benzene molecu l e s , which p r o v i d e s an a l t e r n a t i v e 

r e a c t i o n pathway t o t h e i o d i n e e l i m i n a t i o n which seems t o be 

p r e f e r r e d by p u r e iodobenzene. What t h i s i n t e r a c t i v e mechanism 

m i g h t be i s n o t however known. 

5.3.2. Plasma O x i d a t i o n 

A sample o f each o f t h e plasma polymers and copolymers 

produced above was s u b j e c t e d t o a 20 w a t t oxygen plasma f o r 1 

m i n u t e . XPS s p e c t r a were o b t a i n e d from t h e t r e a t e d polymers and 

gave t h e e l e m e n t a l c o m p o s i t i o n s shown i n t a b l e 5.2. 
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T a b l e 5.2 El e m e n t a l r a t i o s f o r iodobenzenp/benzene plasma 
polymers a f t e r oxygen plasma t r e a t m e n t 

Plasma Polymer/Copolymer I:C R a t i o 0:C R a t i o 

Benzene 0 1:3.3 

lodobenzene/benzene 1:2 1:55 1:3.3 

lodobenzene/benzene 1:1 1:49 1:3.0 

lodobenzene/benzene 2:1 1:39 1:3.4 

lodobenzene/benzene 4:1 1:22 1:3.3 

lodobenzene* 1:52 1:4.0 

*The iodobenzene plasma polymer was o n l y s u b j e c t e d t o a 10 w a t t 
oxygen plasma f o r 3 0 seconds 

I t i s c l e a r from t a b l e 5.2 t h a t a l l o f t h e plasma polymers 

were o x i d i s e d t o a s i m i l a r e x t e n t by t h e oxygen plasma ( t h e 

iodobenzene plasma polymer was o x i d i s e d s l i g h t l y l e s s t h a n t h e 

o t h e r s , b u t t h i s i s because i t was s u b j e c t e d t o m i l d e r 

c o n d i t i o n s ) . The XPS spectrum o f an o x i d i s e d polymer ( f i g u r e 5.8) 

shows a Cj^g envelope c o n t a i n i n g C-CO2, C-O, C=0, 0-C=0 and CO3 

g r o u p s , i n d i c a t i n g c o n s i d e r a b l e o x i d a t i o n o f t h e carbon s k e l e t o n 

o f t h e polymer. The 13^^^^^ core l e v e l shows a second peak a t 624 

eV, c o r r e s p o n d i n g t o 1205- T h i s shows t h a t o x i d i s e d i o d i n e 

s p e c i e s do form, b u t f a r from p r o t e c t i n g t h e s u r f a c e by f o r m i n g a 

p r o t e c t i v e l a y e r , t h e s u r f a c e c o n c e n t r a t i o n o f i o d i n e has 

a c t u a l l y decreased i n a l l cases ( a l t h o u g h o n l y s l i g h t l y i n t h e 

case o f t h e 4:1 c o p o l y m e r ) . The i o d i n e i n t h e plasma polymer 

t h e r e f o r e appears t o be h a v i n g no e f f e c t i n p r e v e n t i n g plasma 

o x i d a t i o n , and no evidence f o r t h e f o r m a t i o n o f a p r o t e c t i v e 

l a y e r i s seen. 
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a) 

b) 

535 530 

630 625 620 615 

F i g u r e 5.8 XPS s p e c t r a o f a plasma o x i d i s e d iodobenzene plasma 
polymer, (a) C-̂ g, (b) O^g and (c) 13^ /^ 
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Even when l e f t s t a n d i n g i n a i r t h e s u r f a c e s o f t h e plasma 

po l y m e r s o x i d i s e c o n s i d e r a b l y (see t a b l e 5.3). A f t e r 1 week t h e 

0:C r a t i o s i n t h e polymer s u r f a c e s were about 1:3. T h i s must be 

due t o r e a c t i o n o f a t m o s p h e r i c oxygen w i t h t r a p p e d f r e e r a d i c a l s 

i n t h e plasma polymers. A g a i n a l s o , t h e i o d i n e c o n c e n t r a t i o n i n 

t h e s u r f a c e i s c o n s i d e r a b l y l o w e r t h a n f o r t h e f r e s h l y made 

po l y m e r s . 

When t h e s e polymers a r e s u b j e c t e d t o oxygen plasma 

t r e a t m e n t f o r l o n g e r p e r i o d s o f t i m e however, t h e i o d i n e c o n t e n t 

i n c r e a s e s a g a i n . F i g u r e 5.9 shows how t h e i o d i n e c o n t e n t o f an 

iodobenzene plasma polymer i n c r e a s e s w i t h t r e a t m e n t t i m e a f t e r 

t h e i n i t i a l d rop. The changes i n t h e 13^^^^ and 0-^^ XPS core 

I O D O B E N Z E N E P L A S M A P O L Y M E R S 
PIUSltA OXIDJiTION 

g 

0.1a -\ 

0.1a -{ 

0.0a -\ 

0.0a 

F i g u r e 5.9 I o d i n e c o n t e n t o f an iodobenzene plasma polymer as a 
f u n c t i o n o f oxygen plasma t r e a t m e n t t i m e 
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0. Is. 
S/2 

c-o,c=o 

BE (eV) 

F i g u r e 5.10 XPS s p e c t r a o f a plasma o x i d i s e d iodobenzene plasma 
polymer as a f u n c t i o n o f t r e a t m e n t t i m e 
(a) 0 min, (b) 1 min, (c) 2 min, (d) 4 min, (e) 6 min 
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l e v e l s p e c t r a a r e shown i n f i g u r e 5.10. A f t e r about 2 minutes 

almost a l l of the iodine i s o x i d i s e d , with only about 10% l e f t i n 

the n e u t r a l form. T h e r e a f t e r , although the amount of I2O5 

i n c r e a s e s , t h e r e i s always some n e u t r a l i o d i n e observed, probably 

p r e s e n t i n the subsurface which has not y e t been exposed to the 

plasma. The b u i l d up of I2O5 can a l s o be observed i n the O^g 

s p e c t r a as a peak a t 530.5 eV. A f t e r about 4 minutes t h i s 

accounts f o r a g r e a t e r percentage of the oxygen than do the 

o x i d i s e d carbon s p e c i e s a t higher binding energy. The Ĉ ĝ 

envelope does not change a f t e r the f i r s t minute, the oxidation of 

the polymer being balanced by l o s s of carbon monoxide and carbon 

d i o x i d e . 

The i n i t i a l decrease i n iodine content i s probably due to 

l o s s of molecular iodine from the polymer. T h i s would be l o s t i n 

a vacuum (to which the polymer i s subjected p r i o r to and during 

plasma o x i d a t i o n ) , and more slowly i n a i r . The remaining iodine 

could then be plasma o x i d i s e d to I2O5/ which being i n v o l a t i l e 

would remain on the s u r f a c e as the hydrocarbon of the polymer i s 

l o s t . Although the etch r a t e may have been reduced by t h i s , i t 

was not stopped and a l l of the polymer had been etched away a f t e r 

8 minutes. The i o d i n e oxide l a y e r had only b u i l t up to a l e v e l of 

1 i o d i n e per 4.3 carbon atoms a f t e r 6 minutes, and was therefore 

not a complete l a y e r and could not completely prevent the 

o x i d a t i v e e t c h i n g process. I f the s t a r t i n g l e v e l of iodine had 

been higher i t i s probable t h a t a p r o t e c t i v e oxide coating would 

have been formed much more q u i c k l y , and the polymer would have 

been r e s i s t a n t to oxygen plasma etching. I n c o r p o r a t i o n of iodine 

i n t o a plasma polymer could t h e r e f o r e provide r e s i s t a n c e to an 
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oxygen plasma, but only i f the i n i t i a l iodine l e v e l was f a i r l y 

high. 

5.3.3 A l l y l Iodide 

A plasma polymer of a l l y l iodide produced a t a power of 4 

wat t s , a p r e s s u r e of 0.16 t o r r and flow r a t e of 1.0 cra^/min was 

found by XPS to have a C:I stoichiometry of 13:1. T h i s i s a 

h i g h e r i o d i n e content than was found i n any of the 

iodobenzene/benzene plasma copolymers, but s i n c e the C:I r a t i o i n 

the s t a r t i n g m a t e r i a l was 3:1, a l a r g e proportion of the iodine 

(76%) had been l o s t . Plasma polymers produced at higher powers 

(13 w a t t s and 25 watts) had only s l i g h t l y lower iodine contents, 

w i t h C:I r a t i o s of 16:1 and 17.5:1 r e s p e c t i v e l y . The a l l y l group 

does not t h e r e f o r e appear to provide any p r o t e c t i o n against the 

l o s s of i o d i n e from a l l y l iodide during low W/F plasma 

p o l y m e r i s a t i o n . Attempts to form s u r f a c e photopolymers of a l l y l 

i o d i d e u s i n g both conventional and vacuum UV r a d i a t i o n f a i l e d , 

i n d i c a t i n g t h a t e x c i t e d s t a t e chemistry i s not resp o n s i b l e for 

the plasma p o l y m e r i s a t i o n , and a r a d i c a l a d d i t i o n mechanism l i k e 

t h a t proposed f o r a c r y l i c a c i d does not occur. 

At f i r s t s i g h t t h e r e f o r e the plasma polymerisation of a l l y l 

i o d i d e does not appear to be of great i n t e r e s t . Although the 

i o d i n e content of the polymer i s higher than i n those produced 

from iodobenzene/benzene plasma copolymerisation i t i s u n l i k e l y 

t o be s u f f i c i e n t to prevent oxygen plasma etching, and the 

percentage of iodine r e t e n t i o n i s r a t h e r low. C l o s e r examination 

of the 13^^^^^ spectrum of an iodobenzene plasma polymer 
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however r e v e a l s t h a t the iodine i s present i n two d i f f e r e n t type 

of environments ( f i g u r e 5.11a). Most of the iodine occurs at a 

binding energy of 620.5 eV, corresponding to molecular iodine or 

i o d i n e c o v a l e n t l y bonded to carbon, but there i s a second peak at 

about 619 eV accounting f o r about 25% of the iodine present. This 

must be due to n e g a t i v e l y charged iodine, and i s thought to be 

the f i r s t c a s e of i o n i c s p e c i e s being found i n a plasma polymer, 

although the observation of negative ions has been claimed at the 

i n t e r f a c e between a perfluoropropane plasma polymer and the 

s u b s t r a t e ^ . 

I t can be seen from f i g u r e 5.11(b) t h a t a f t e r being stored 

f o r one day i n a i r the polymer has l o s t a c o nsiderable amount of 

i o d i n e , as d i d the iodobenzene/benzene copolymers, and a l s o that 

622 620 618 
BE (eV) 

622 620 618 
BE (eV) 

F i g u r e 5.11 l 3 d ^ ^ ^ XPS spectrum of an a l l y l iodide plasma polymer 
(a) f r e s h , (b) a f t e r 1 day i n a i r 
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the n e g a t i v e i o d i n e has completely disappeared from the surface. 

F u r t h e r evidence of the l a c k of long term s t a b i l i t y of t h i s 

s p e c i e s comes from UV absorption s p e c t r a of the plasma polymer 

(see f i g u r e 5.12). The spectrum of the f r e s h l y prepared polymer 

( f i g u r e 5.12a) shows a gradual i n c r e a s e i n absorption as the 

wavelength d e c r e a s e s , probably due to trapped f r e e r a d i c a l s i n 

the polymer, and a l s o two d i s t i n c t peaks a t 295 and 375 nm with 

an i n t e n s i t y r a t i o of approximately 2:1 r e s p e c t i v e l y . These peaks 

a r e c h a r a c t e r i s t i c of the 13" ion^, which must t h e r e f o r e account 

f o r some, i f not a l l , of the negative iodine observed by XPS. 

I t can be seen t h a t most of the 13" had disappeared a f t e r 2 

days and a f t e r 6 days t h e r e was h a r d l y any l e f t a t a l l . T h is 

r e p r e s e n t s a somewhat longer l i f e t i m e than observed by XPS, 

probably due t o the f a c t t h a t the UV absorption examines the bulk 

of the polymer whereas XPS only examines the s u r f a c e . I f the 

decay i s caused by c o n t a c t with a i r , then i t might be expected to 

occur more r a p i d l y on the s u r f a c e than i n the bulk of the 

m a t e r i a l . 

The n e g a t i v e i o d i n e peak i n the XPS spectrum i s i n the 

p o s i t i o n expected f o r an I ~ ion-'-^ r a t h e r than 13"/ which due to 

d e l o c a l i s a t i o n of the negative charge might be expected to occur 

a t s l i g h t l y h i g h e r binding energy. T h i s could i n d i c a t e the 

presence of I ~ i n the polymer i n a d d i t i o n to 13", but could a l s o 

be e x p l a i n e d by decomposition of the 13" ion during a n a l y s i s . 

When a sample of tetramethylammonium t r i i o d i d e (Me4N''"l3*') was 

examined by XPS a s i n g l e i o d i n e peak was observed a t a binding 

energy of 619 eV, with only 1/3 of the i n t e n s i t y expected from 
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A b s o r b a n c e 

250 275 300 325 350 

W a v e l e n g t h (nm) 

F i g u r e 5.12 UV absorption s p e c t r a of an a l l y l iodide plasma 
polymer, (a) f r e s h , (b) a f t e r 1 day i n a i r , 
(c) a f t e r 2 days , (d) a f t e r 6 days 
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the molecular stoichiometry. C l e a r l y the 13" ion had decomposed 

to g i v e I ~ with l o s s of I2 and so any I j " compound analysed by 

XPS would appear to be the i o d i d e . Therefore, although the 

presence of I " ions i n the plasma polymer of a l l y l iodide cannot 

be r u l e d out, t h e r e i s no evidence f o r them. 

I f t h e r e a r e negative ions present i n the plasma polymer 

then t h e r e must a l s o be p o s i t i v e l y charged counter-ions. XPS 

shows t h a t t h e r e are no elements present i n the polymer other 

than carbon, i o d i n e a small t r a c e of oxygen and presumably 

hydrogen (which cannot be detected by XPS). Hydrogen can be r u l e d 

out as a p o s s i b l e counter-ion s i n c e , although HI3 i s known, i t i s 

c o v a l e n t and not i o n i c . The 13" ion must t h e r e f o r e be balanced by 

a c a r b o c a t i o n . Given the nature of the monomer, the most l i k e l y 

c a ndidate i s an a l l y l i c c a t i o n with the p o s i t i v e charge 

d e l o c a l i s e d over t h r e e carbon atoms. T h i s d e l o c a l i s a t i o n causes 

an a l l y l c a t i o n t o be resonance s t a b i l i s e d , and so i t might be 

expected t o s u r v i v e i n the polymer f o r a few days (the l i f e t i m e 

i n d i c a t e d by the UV s p e c t r a f o r the i o n i c s p e c i e s ) , whereas most 

other c a r b o c a t i o n s are very unstable except i n s t r o n g l y a c i d i c 

media. 

There i s no evidence i n the C^g XPS spectrum of the plasma 

polymer ( f i g u r e 5.13) f o r any p o s i t i v e l y charged carbon s p e c i e s 

(expected t o occur a t higher binding energy than hydrocarbon) , 

but an a l l y l i c c a t i o n , being d e l o c a l i s e d , might only show a very 

s m a l l chemical s h i f t which might not be n o t i c e a b l e . An a l l y l 

c a t i o n would g i v e an absorption i n i t s UV spectrum a t about 3 00 

nm-'-̂ , but u n f o r t u n a t e l y t h i s c o i n c i d e s with one of the 

a b s o r p t i o n s of the I ^ " ion, and so i t i s not p o s s i b l e to t e l l 
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F i g u r e 5.13 C l s XPS spectrum of an a l l y l iodide plasma polymer 

from t h i s whether t h e r e i s any a l l y l c a t i o n present. 

A technique which might be able to confirm the presence of 

an a l l y l c a t i o n i s s o l i d s t a t e NMR. I n •'••̂C NMR an a l l y l i c c a t i o n 

would g i v e peaks i n the 200 to 260 ppm range f o r the terminal 

carbon atoms, and a peak a t about 140 to 160 ppm for the c e n t r a l 

carbon atom-'-^. The chemical s h i f t of the t e r m i n a l carbon atoms i s 

h i g h e r than f o r any other common type of carbon environment, 

a p a r t from aldehydes and ketones. As there was shown by XPS to be 

only a s m a l l t r a c e of oxygen on the s u r f a c e of a f r e s h l y prepared 

a l l y l i o d i d e plasma polymer, and as f r e s h samples were used for 

NMR a n a l y s i s , t h e r e i s u n l i k e l y to be any s i g n i f i c a n t s i g n a l from 

t h e s e groups. Any peak observed a t j u s t over 200 ppm should 

t h e r e f o r e i n d i c a t e the presence of an a l l y l c a t i o n . 

The s o l i d s t a t e •'•"̂C NMR spectrum of an a l l y l iodide plasma 

polymer prepared u s i n g a power of 6 watts, a pressure of 0.16 
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t o r r and a flow r a t e of 1.0 cm'^/min i s shown i n f i g u r e 5.14(a). 

I t shows two l a r g e , broad peaks centred a t 40 ppm and 130 ppm 

corresponding t o a wide range of a l i p h a t i c and o l e f i n i c 

environments r e s p e c t i v e l y . There i s a l s o a peak centred a t about 

215 ppm which a t f i r s t s i g h t would appear to be due to an a l l y l 

c a t i o n , but t h i s i s i n f a c t a spinning sideband of the alkene 

peak. I f t h e r e i s any s i g n a l from an a l l y l c a t i o n , then i t i s 

hidden under t h i s peak. 

The •'••̂C NMR spectrum of a second a l l y l iodide plasma 

polymer, made under the same pre s s u r e and flow r a t e conditions 

but a t 10 watts, i s shown i n f i g u r e 5.14(b). I t can be seen t h a t 

t h e r e a r e c o n s i d e r a b l e d i f f e r e n c e s between t h i s spectrum and the 

p r e v i o u s one. The alkene peak has v i r t u a l l y disappeared and 

i n s t e a d t h e r e i s a low, broad absorption between 150 ppm and 235 

ppm. T h i s i s not a spinning sideband of the alkane peak, s i n c e i t 

d i d not move when then spinning speed was changed. The p a r t of 

t h i s peak a t high ppm i s l i k e l y to be due to the terminal carbon 

atoms of a l l y l c a t i o n s i n a range of environments, while the low 

s h i f t end i s l i k e l y to be due to the c e n t r a l atom, and p o s s i b l y 

some o l e f i n i c or aromatic environments at the upper end of t h e i r 

chemical s h i f t range. Carbonyl groups could be r e s p o n s i b l e for a 

l a r g e proportion of the broad peak i f a l a r g e amount of oxygen 

had somehow become incorporated i n t o the polymer (and t h i s was 

not seen i n the XPS a n a l y s i s of a second sample of the same 

polymer, run simultaneously with the NMR), but i t would be very 

unusual f o r a carbonyl group to occur as high as 235 ppm, and so 

a t l e a s t some of t h i s peak must be due to an a l l y l c a t i o n . 
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F i g u r e 5.14 S o l i d s t a t e •'••̂C NMR s p e c t r a of a l l y l iodide plasma 
polymers (a) 6W , (b) lOW 
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5 ^ SUMMARY 

The plasma polymers formed from mixtures of iodobenzene and 

benzene vapours r e t a i n a higher percentage of iodine than does a 

plasma polymer of iodobenzene. T h i s must be due to i n t e r a c t i o n 

between the benzene and iodobenzene molecules i n the gas phase, 

which p r o v i d e s an a l t e r n a t i v e p o l y m e r i s a t i o n pathway from t h a t 

taken by iodobenzene alone, and i n v o l v e s l e s s l o s s of iodine. The 

h i g h e s t i o d i n e content of any of the copolymers i s about 1 iodine 

t o 2 0 carbon atoms, and occurs when the monomer feed c o n s i s t s of 

70-80% iodobenzene and 20-30% benzene. 

A l l t h e s e polymers l o s e iodine, probably as I j , when l e f t 

s t a n d i n g i n a i r , and the hydrocarbon on the s u r f a c e i s subjec t to 

c o n s i d e r a b l e o x i d a t i o n . When t r e a t e d i n an oxygen plasma for 1 

minute t h e r e i s a s i m i l a r l o s s of iodine and hydrocarbon 

o x i d a t i o n . When t r e a t e d f o r longer periods of time the t o t a l 

i o d i n e content i n c r e a s e s as i n v o l a t i l e I2O5 b u i l d s up on the 

s u r f a c e . I n order f o r t h i s to become a complete l a y e r and provide 

p r o t e c t i o n from oxygen plasma etching, the i n i t i a l iodine content 

of t h e plasma polymer would have to be considerably higher. 

A l l y l i o d i d e l o s e s a high proportion of i t s iodine on plasma 

p o l y m e r i s a t i o n , but i t can s t i l l form a polymer with a 

c o n c e n t r a t i o n of 1 iodine per 13 carbon atoms. The most 

i n t e r e s t i n g f e a t u r e of t h i s polymer i s t h a t some of the iodine i s 

p r e s e n t as 13", probably balanced by an a l l y l i c c a t i o n . These 

s p e c i e s a r e s t a b l e f o r l e s s than a day on the s u r f a c e of the 

polymer, but can remain f o r s e v e r a l days i n the bulk. T h i s i s 

thought t o be the f i r s t case of i o n i c s p e c i e s being found i n a 

plasma polymer. 
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CHAPTER 6 

SURFACE PHOTOPOLYMERISATION AS A MODEL FOR THE PLASMA 

POLYMERISATION OF N-VINYL PYRROLIDINONE 
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6.1 INTRODUCTTON 

The work presented i n e a r l i e r chapters has shown t h a t there 

i s o f t e n a s i m i l a r i t y between the plasma polymers and su r f a c e 

photopolymers of a compound, and t h a t the photopolymerisation may 

be used t o help understand the plasma p o l y m e r i s a t i o n . I n t h i s 

c hapter the photopolymerisation of N-vinyl p y r r o l i d i n o n e (NVP), 

i s s t u d i e d i n order to gain some i n s i g h t i n t o the plasma 

p o l y m e r i s a t i o n mechanism. 

Plasma polymers of NVP have been prepared previously-^ and, 

along w i t h the plasma polymers of other nitrogen containing 

compounds have been considered for use as r e v e r s e osmosis 

m e m b r a n e s T h e i r use has a l s o been proposed i n the s u r f a c e 

treatment of s i l i c o n e rubber contact l e n s e s , as the h y d r o p h i l i c 

s u r f a c e p r o v i d e s g r e a t e r comfort f o r the eye^. I t has been shown 

t h a t two d i f f e r e n t types of NVP plasma polymer can be formed 

depending on the plasma c o n d i t i o n s used. Bieg and Ottesen-^ found 

t h a t plasma polymers produced under low W/F gave i n f r a - r e d 

s p e c t r a f a i r l y s i m i l a r to t h a t of the conventional polymer, but 

the s p e c t r a of high W/F NVP plasma polymers were coniderably 

d i f f e r e n t . Munro and T i l l ' * showed t h a t a t low power and high flow 

r a t e a h y d r o p h i l i c polymer was formed, with a contact angle with 

water of approximately zero, while under high power and low flow 

r a t e c o n d i t i o n s a hydrophobic polymer (contact angle ~ 60°) was 

produced. They a l s o found t h a t polymers apparently i d e n t i c a l to 

both t h e s e types of plasma polymer could be produced using 

s u r f a c e photopolymerisation. I t was t h e r e f o r e proposed t h a t the 

plasma p o l y m e r i s a t i o n of NVP proceeds v i a an e x c i t e d s t a t e 

mechanism. 
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I n t h i s chapter the composition of polymers produced by 

plasma and photochemical means are examined i n r e l a t i o n to the 

power, flow r a t e and photon f l u x conditions used, i n order to 

o b t a i n a c l e a r e r i n s i g h t into how these f a c t o r s i n f l u e n c e the 

nature of the polymer formed. T h i s can a l s o show how c l o s e l y the 

plasma polymers and s u r f a c e photopolymers match, and so give an 

idea of the importance of e x c i t e d s t a t e chemistry i n the plasma 

p o l y m e r i s a t i o n . The plasma and photopolymerisation of N-methyl 

p y r r o l i d i n o n e (NMP) and N-ethyl p y r r o l i d i n o n e (NEP) are 

i n v e s t i g a t e d i n order to determine whether the e f f e c t s observed 

f o r NVP are due to the presence of the v i n y l group. XPS and SIMS 

ar e used to c h a r a c t e r i s e the polymers formed. 

N 

NVP 

N 

CH2CH3 

NEP 

F i g u r e 6.1 Monomers used i n chapter 6 

F u r t h e r i n v e s t i g a t i o n s are then c a r r i e d out int o some 

m e c h a n i s t i c a s p e c t s of the photopolymerisation. The dependence of 

the polymer d e p o s i t i o n r a t e on u l t r a v i o l e t l i g h t i n t e n s i t y i s 

examined to obtain an order of r e a c t i o n with r e s p e c t to photon 

f l u x f o r the polymer formation. The deposition r a t e i s a l s o 

monitored as a f u n c t i o n of the angle of incidence of the UV l i g h t 
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on the t h i c k n e s s monitor, i n order to determine whether the 

photochemical p o l y m e r i s a t i o n r e a c t i o n s a r e o c c u r r i n g on the 

s u r f a c e or i n the gas phase. 

F i n a l l y , the s u r f a c e photopolymerisation i s c a r r i e d out 

u s i n g p u l s e d UV i r r a d i a t i o n , and the polymer deposition r a t e 

monitored as a f u n c t i o n of pulse frequency, i n an attempt to 

determine the l i f e t i m e of r e a c t i v e s p e c i e s involved i n the 

p o l y m e r i s a t i o n process. T h i s i s based on work by M e l v i l l e ^ on 

methyl me t h a c r y l a t e . M e l v i l l e found t h a t using slow pulses of UV 

l i g h t ( with equal periods of l i g h t and dark) gave a deposition 

r a t e of h a l f t h a t f o r continuous i r r a d i a t i o n . T h i s was because 

a c t i v e s p e c i e s i n the polymerisation, c r e a t e d i n the l i g h t 

p e r i o d , a l l decayed during the subsequent dark period, and so 

p o l y m e r i s a t i o n only occurred f o r h a l f the time. At high pulse 

f r e q u e n c i e s however, s p e c i e s c r e a t e d during the l i g h t pulse did 

not have time to decay before the next p u l s e . T h i s was therefore 

e f f e c t i v e l y the same as continuous i r r a d i a t i o n but a t h a l f the 

l i g h t i n t e n s i t y . The r a t e of polymer formation was therefore 

equal to ("^/2)^ x the d e p o s i t i o n r a t e under continuous 

i r r a d i a t i o n , where n = the r e a c t i o n order with r e s p e c t to photon 

f l u x . The d e p o s i t i o n r a t e a t high frequency was therefore 

d i f f e r e n t from t h a t a t low frequency, u n l e s s the r e a c t i o n order 

was e x a c t l y one. The frequency of change-over between these two 

c a s e s corresponded to the l i f e t i m e of the a c t i v e s p e c i e s i n the 

p o l y m e r i s a t i o n r e a c t i o n . 

The e f f e c t of frequency has a l s o been i n v e s t i g a t e d for 

plasma p o l y m e r i s a t i o n . Morita, B e l l and Shen^ examined the 
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d e p o s i t i o n r a t e of an ethane plasma polymer as a function of the 

frequency of an a.c. discharge, between 50 Hz and 13.56 MHz. 

They observed a complex r e l a t i o n s h i p due to s e v e r a l d i f f e r e n t 

f a c t o r s , as shown i n f i g u r e 6.2. 

(00 lOK lOOK 
FREQUENCY (Hz) 

F i g u r e 6.2 E f f e c t of discharge frequency on the r a t e of polymer 
d e p o s i t i o n from an ethane plasma 

The i n i t i a l i n c r e a s e i n d e p o s i t i o n r a t e was a s c r i b e d to an 

i n c r e a s e i n concentration of the gas phase r a d i c a l s , due to 

s i m i l a r e f f e c t s to those observed by M e l v i l l e i n the 

photopolymerisation of methyl methacrylate. The decreasing r a t e 

above 5 kHz was thought to be due to a decrease i n the number of 

ions h i t t i n g the e l e c t r o d e s (on which the deposition r a t e was 

measured), as there was l e s s time f o r migration before the 

e l e c t r i c f i e l d r e v e r s e d . The i n c r e a s e above 50 kHz was put down 

to an i n c r e a s e i n the energy of e l e c t r o n s s t r i k i n g the anode, and 
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the low d e p o s i t i o n r a t e s a t about 10 MHz were thought to be due 

to poor charge t r a n s p o r t t o the e l e c t r o d e from the plasma. 

S i m i l a r r e s u l t s a r e not expected however i n photopolymerisation 

as t h e r e are no e l e c t r i c f i e l d s , f r e e ions, or f r e e e l e c t r o n s , 

nor a r e they l i k e l y i n an i n d u c t i v e l y coupled plasma where there 

are no e l e c t r o d e s . 

6.2 EXPERIMENTAL 

Plasma p o l y m e r i s a t i o n s were c a r r i e d out using the procedure 

d e s c r i b e d i n chapter 2 and the r e a c t o r shown i n chapter 4 ( f i g u r e 

4.1). No needle v a l v e was used for i n t r o d u c i n g the NVP into the 

r e a c t i o n chamber, as i t s vapour p r e s s u r e was very low. Instead, a 

Young's tap was used t o c o n t r o l the flow r a t e . 

S u r f a c e photopolymerisations were c a r r i e d out i n the 

c o n v e n t i o n a l UV (wavelength > 200 nm) as i n chapter 4. Deposition 

r a t e s were measured u s i n g the quartz c r y s t a l t h i c k n e s s monitor i n 

the apparatus d e s c r i b e d i n chapter 4. The s u r f a c e 

photopolymerisation of NVP was much slower than t h a t f o r 

MMA, so the e r r o r caused by the heating e f f e c t was s i g n i f i c a n t . 

Each d e p o s i t i o n r a t e experiment was t h e r e f o r e repeated 

without monomer pre s e n t to allow f o r t h i s . 

Photon f l u x was measured using an Applied photophysics 

d i g i t a l v oltmeter with p h o t o c e l l . T h i s measured the t o t a l 

r a d i a t i o n of a l l wavelengths, so a second measurement was taken 

through a pyrex f i l t e r , which cut out a l l r a d i a t i o n below 290 nm. 

The d i f f e r e n c e i n the two readings gave the i n t e n s i t y of UV 

r a d i a t i o n below 290 nm. Photon f l u x was v a r i e d by moving the lamp 
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towards or away from the apparatus. The photon f l u x at any lamp 

p o s i t i o n could then be c a l c u l a t e d u s i n g equation 6.1. 

I = k / d' 6.1 

where I = UV i n t e n s i t y (mW/cm^) 
d = d i s t a n c e between lamp and t h i c k n e s s monitor (cm) 
k = a constant ( = 1420 mW) 

I n t e n s i t y readings were taken i n d i f f e r e n t p o s i t i o n s to 

check t h a t t h i s equation was obeyed. 

Angle of i n c i d e n c e v a r i a t i o n s were accomplished simply by 

a l t e r i n g the angle of the t h i c k n e s s monitor with respect to the 

incoming l i g h t . 

~i(D(e 
n disk 

o u t e r 
casing 

10 le in 
casing 

rotating 
disk 

F i g u r e 6.3 R o t a t i n g s e c t o r used f o r producing pulsed i r r a d i a t i o n 
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Pulsed i r r a d i a t i o n was achieved by using a r o t a t i n g d i s k 

p l a c e d between the UV source and the calcium f l u o r i d e window. The 

d i s k , shown i n f i g u r e 6.3, was cut with a s e r i e s r e g u l a r l y spaced 

s e c t o r s around the outside. The UV l i g h t was allowed to shine 

onto the d i s k through a hole i n an outer c a s i n g , so th a t when the 

d i s k was r o t a t e d , pulsed i r r a d i a t i o n was produced, with equal 

l e n g t h s of l i g h t and dark periods. Since the s i z e of the s e c t o r s 

was the same as t h a t of the hole through which the l i g h t was 

s h i n i n g , the a c t u a l v a r i a t i o n of UV l i g h t i n t e n s i t y with time was 

s i n u s o i d a l , r a t h e r than as d i s t i n c t periods of l i g h t and dark. 

XPS a n a l y s e s of plasma and photopolymers were c a r r i e d out i n 

a K r a t o s ES 3 00 spectrometer. A Perkin Elmer PHI s e r i e s 5000 

combined XPS/SIMS spectrometer using xenon ions and a 0-250 

a.m.u. quadrupole a n a l y s e r , and a VG SIMSLAB spectrometer 

employing a 0-800 a.m.u. quadrupole a n a l y s e r were used f o r SIMS 

a n a l y s i s . Contact angles are with d i s t i l l e d water and were 

measured by the s e s s i l e drop technique as desc r i b e d i n chapter 4. 

NVP, NEP and NMP were supplied by A l d r i c h and degassed 

before use with a s e r i e s of f r e e z e thaw c y c l e s . 
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6.3 RESULTS AND DISCUSSION 

6.3.1 NVP Plasma polymers 

A s e r i e s of plasma polymers of NVP were produced at a 

c o n s t a n t flow r a t e of 2.6 cm^/min and a pressure of 0.2 t o r r 

w i t h powers ranging from 2.5 to 50 watts. Each of these was 

a n a l y s e d u s i n g XPS and c o n t a c t angle measurements. The r e s u l t s 

a r e d i s p l a y e d g r a p h i c a l l y on f i g u r e s 6.4 and 6.5. The most 

remarkable change i s t h a t i n contact angle. At low power (below 

about 8W) the c o n t a c t angle with d i s t i l l e d water i s zero, which 

i s the same as t h a t f o r c o n v e n t i o n a l l y polymerised NVP. By about 

15W, however, the polymers formed become much more hydrophobic 

w i t h c o n t a c t angles of about 50°. As the power i s increased 

f u r t h e r , the c o n t a c t angle decreases slowly down to about 33° at 

50W. 

There i s l i t t l e change i n the nitrogen to carbon r a t i o as 

shown by XPS ( f i g u r e 6.5), apart from a s l i g h t decrease as the 

power i n c r e a s e s , up to 20W. The values a t 20W and above are c l o s e 

to t h a t of the monomer and conventional polymer (0.16:1). The 

changes i n the oxygen to carbon r a t i o mirror to some extent the 

changes i n c o n t a c t angle. At low power the oxygen to carbon r a t i o 

i s f a i r l y high a t 0.14:1 ( c l o s e to the value of 0.16:1 f o r the 

monomer or conventional polymer). At about 15W, where the contact 

angle i s h i g h e s t , the amount of oxygen i n the polymer reaches a 

minimum (oxygen : carbon = 0.07:1). At higher powers, as the 

c o n t a c t angle decreases, the r e l a t i v e proportion of oxygen 

i n c r e a s e s again. At 50W the 0:C r a t i o i s 0.17:1, even higher than 

f o r polymers formed a t very low powers, even though the contact 

angle does not decrease back down to zero. T h i s suggests that the 
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oxygen i n the polymers formed a t high power tends to be i n l e s s 

p o l a r environments. 

C l o s e r examination of the O-ĵ g core l e v e l s p e c t r a 

( f i g u r e 6.6) r e v e a l t h a t there are changes i n the type of oxygen 

environments f o r polymers produced a t d i f f e r e n t powers. At low 

power almost a l l the oxygen i s i n a s i n g l e type of environment 

w i t h a b i n d i n g energy of 531.2 eV. T h i s i s the same as for the 

co n v e n t i o n a l polymer, and so i s l i k e l y to correspond to an N-C=0 

environment. There i s a l s o a shake up s a t e l l i t e centred at 539 eV 

from the C=0 bond. The 15W and 50W polymers show much broader 

oxygen peaks cen t r e d a t 532.5 eV. T h i s r e p r e s e n t s a much greater 

range of oxygen environments probably i n c l u d i n g N-C=0, C=0 and C-

O groups. The shake up s a t e l l i t e i s much sm a l l e r for these 

polymers. The C-ĵ g s p e c t r a show l i t t l e change throughout, and are 

s i m i l a r t o t h a t of the conventional polymer. The N^g spectra show 

a s i n g l e peak a t 399.7 eV i n a l l cas e s , c h a r a c t e r i s t i c of amine, 

although f o r the polymers formed a t high power the peak i s f a i r l y 

broad showing a range of d i f f e r e n t amine environments. 
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F i g u r e 6.4 V a r i a t i o n of contact angle with power for NVP plasma 
polymers 
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F i g u r e 6 ^ v a r i a t i o n of N:C and 0:C r a t i o s with power for NVP 
plasma polymers 
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Figure 6 ^ XPS O^^ s p e c t r a of NVP plasma polymers formed at 
(a) 6W and (b) 50W 

A second s e r i e s of NVP plasma polymers were produced at a 

constant power of 6W with flow r a t e s v a rying from 0.16 to 2.6 

cm-^/min. The v a r i a t i o n s i n contact angle and elemental 

composition, shown by XPS, are presented i n f i g u r e s 6.7 and 6.8, 

the flow r a t e s being quoted i n logarithmic form. The r e s u l t s are 

very s i m i l a r to those f o r power v a r i a t i o n a t constant flow r a t e , 

low flow r a t e plasma polymers being the same as those formed at 

high power, and high flow r a t e polymers corresponding to those 

formed at low power. The v a r i a t i o n i n oxygen to carbon r a t i o i s 

not q u i t e so great, but shows the same trends. 
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F i g u r e 6.7 V a r i a t i o n of conta c t angle with flow r a t e f o r NVP 
plasma polymers 
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F i g u r e 6.8 V a r i a t i o n i n N:C and 0:C r a t i o s with flow r a t e f o r NVP 
plasma polymers 
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F i g u r e 6.9 P o s i t i v e Ion SIMS s p e c t r a of NVP plasma polymers 
(a) h y d r o p h i l i c and (b) hydrophobic 
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Figure 6.10 P o s i t i v e Ion SIMS spectrum of 
poly (N-vinyl p y r r o l i d i n o n e ) 
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I'osilive ions 

CH3 - C H = C H \ (41D). CH3 - C H = C H - C = 0 + (69D) 
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F i g u r e 6.11 S t r u c t u r e s of some ions present i n the p o s i t i v e ion 
SIMS spectrum of poly (N-vinyl pyrrolidinone) 

Samples of the h y d r o p h i l i c and hydrophobic types of NVP 

plasma polymer were analysed using s t a t i c SIMS ( f i g u r e 6.9 a,b), 

and compared with t h a t of the conventional polymer ( f i g u r e 6.10). 

I t can be seen t h a t the spectrum of the h y d r o p h i l i c polymer i s 

v e r y s i m i l a r to the conventional polymer, with c l u s t e r s of peaks 

c e n t r e d a t 27, 41, 55, 69, 86, 98, 112, 124, 138, 150 and 175 

a.m.u., the s t r u c t u r e s of some of which are shown i n f i g u r e 6.11. 

However, the peaks a t 207 and 233 a.m.u. corresponding to dimeric 

s t r u c t u r e s , are not present i n the spectrum of the plasma 

polymer, i n d i c a t i n g t h a t t h e r e i s some d i f f e r e n c e between t h a t 
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and the con v e n t i o n a l polymer. 

The SIMS spectrum of the hydrophobic plasma polymer shows 

s i m i l a r c l u s t e r s of peaks up to 112 a.m.u., corresponding to a 

protonated NVP molecular ion, but nothing above t h i s . This may 

i n d i c a t e c o n s i d e r a b l e c r o s s - l i n k i n g and l a c k of any s o r t of 

r e g u l a r s t r u c t u r e between NVP u n i t s . The c l u s t e r of peaks around 

27 a.m.u. ( C 2 H 3 ' ' ' ) i s a l s o much more i n t e n s e , suggesting that 

t h e r e a r e more s h o r t chain hydrocarbon s p e c i e s , not 

c h a r a c t e r i s t i c of poly (N-vinyl p y r r o l i d i n o n e ) . 

I t can be concluded from t h i s study of NVP plasma 

p o l y m e r i s a t i o n t h a t there are two main types of polymer which can 

be formed. At low W/F the polymer i s h y d r o p h i l i c and s i m i l a r to 

the c o n v e n t i o n a l polymer (though not q u i t e i d e n t i c a l ) , while a t 

high W/F the polymer formed i s hydrophobic and considerably 

d i f f e r e n t from the conventional polymer. I n c r e a s i n g the W/F r a t i o 

f u r t h e r a l t e r s the nature of the polymer s l i g h t l y , with an 

i n c r e a s e i n the oxygen content and a sma l l drop i n the contact 

angle. 

6.3.2 NMP and NEP Plasma Polymers 
NMP and NEP have e x a c t l y the same monomeric s t r u c t u r e as 

NVP, except t h a t they possess a methyl or e t h y l group instead of 

the v i n y l group. They can t h e r e f o r e be used as a t e s t f o r the 

importance of the v i n y l group i n the plasma polymerisation of 

NVP. I f plasma polymers of NMP and NEP are the same as those of 

NVP, then the v i n y l group would appear to be unimportant i n the 
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NVP plasma po l y m e r i s a t i o n , but i f they are d i f f e r e n t then i t must 

p l a y a major r o l e . 

Plasma polymers of NMP were formed under three s e t s of 

c o n d i t i o n s . Under very low power (2.5W) and high flow r a t e 

(2. 6cm-^/min) co n d i t i o n s the polymer formed was v i r t u a l l y the 

same as t h a t formed from NVP under the same conditions, g i v i n g a 

c o n t a c t angle with d i s t i l l e d water of zero. The XPS a n a l y s i s 

showed a s i n g l e oxygen environment a t about 531 eV, the same as 

t h a t f o r the corresponding NVP plasma polymer. The oxygen to 

carbon and nitrogen to carbon r a t i o s were 0.17:1 and 0.22:1 

r e s p e c t i v e l y , s i m i l a r to the monomer v a l u e s of 0.2:1 f o r both. 

Using h i g h e r W/F c o n d i t i o n s (7.5 W, 1.2 cm-^/min) a hydrophobic 

( c o n t a c t angle = 44°) was formed. There was considerable l o s s of 

oxygen (the oxygen to carbon r a t i o was 0.11:1), and the 

core l e v e l spectrum showed a broad range of oxygen environments. 

T h i s i s b a s i c a l l y s i m i l a r to the NVP plasma polymer formed at 

15 W and 2.6 cm^^/min. Under even higher W/F conditions (17 W, 

0.35cm-^/min) , the polymer formed was s i m i l a r to a high W/F NVP 

plasma polymer, except t h a t the oxygen to carbon r a t i o of the 

polymer was s t i l l comparatively low (0.13:1). NEP behaved 

s i m i l a r l y on plasma polymerisation, producing a h y d r o p h i l i c 

plasma polymer at low W/F (2.5 watts, 2.0 cm^/min), and a 

hydrophobic polymer a t higher W/F. 

From these r e s u l t s i t can be concluded t h a t the plasma 

p o l y m e r i s a t i o n of NMP and NEP i s e s s e n t i a l l y the same as that of 

NVP. I t i s t h e r e f o r e u n l i k e l y t h a t the v i n y l group p l a y s a major 

r o l e i n the plasma polymerisation of NVP. T h i s might be expected 

under high W/F c o n d i t i o n s , but not f o r the low W/F polymers. 
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which a r e v e r y s i m i l a r to c o n v e n t i o n a l l y polymerised NVP, formed 

through the opening of the double bond. The r e s u l t s from chapter 

four on the low W/F plasma polymerisation of unsaturated a c i d s 

would tend to suggest t h a t polymerisation v i a the double bond 

i s l i k e l y to be an important mechanism under mild c o n d i t i o n s . NEP 

could l o s e hydrogen from neighbouring carbon atoms of i t s e t h y l 

group to form NVP, which could then polymerise to form a m a t e r i a l 

s i m i l a r t o conventional poly ( v i n y l p y r r o l i d i n o n e ) i n a manner 

s i m i l a r to t h a t f o r propionic a c i d , but t h i s could not occur i n 

the case of NMP. I t i s p o s s i b l e t h a t the NMP could form a s i m i l a r 

plasma polymer to the NVP by another mechanism (e.g. by l o s s of 

hydrogen from neighbouring carbon atoms of the r i n g t o form a 

double bond, which could then be involved i n a d d i t i o n 

p o l y m e r i s a t i o n without d i s r u p t i n g the s t r u c t u r e of the NMP very 

much). Yasuda and Lamaze^ found t h a t the r a t e of plasma 

p o l y m e r i s a t i o n of N-ethyl p y r r o l i d i n o n e was only h a l f t h a t for 

NVP, suggesting t h a t the v i n y l group had a s i g n i f i c a n t e f f e c t . 

They a l s o showed t h a t the pressure i n the r e a c t o r i n c r e a s e d 

during the plasma pol y m e r i s a t i o n of N-ethyl p y r r o l i d i n o n e , which 

i n d i c a t e d monomer fragmentation, p o s s i b l y hydrogen e l i m i n a t i o n , 

was dominant. I n c o n t r a s t , the pressure i n an NVP plasma 

decreased, suggesting t h a t polymerisation was dominating. 
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6.3.3 Photopolvmerisati nn 

Photopolymers of NVP were produced a t a constant pressure 

and flow r a t e of 0.2 t o r r and 1.8 cm^/min r e s p e c t i v e l y , with a 

range of UV l i g h t i n t e n s i t i e s . The contact angles of the polymers 

obtained a r e p l o t t e d on f i g u r e 6.12. I t can be seen t h a t a t low 

photon f l u x the polymer i s completely wettable, while a t greater 

l i g h t i n t e n s i t i e s the polymer becomes much more hydrophobic, 

having a c o n t a c t angle of about 60°. Comparison with f i g u r e 6.7 

shows t h a t t h i s behaviour i s very s i m i l a r to the v a r i a t i o n i n 

c o n t a c t angle of the plasma polymer as the power used i n i t s 

formation i s v a r i e d . There i s however no evidence f o r any 

d e c r e a s e i n contact angle a t very high photon f l u x e s , as there i s 

f o r v e r y high W/F plasma polymers. 

XPS a n a l y s i s of these polymers shows 0:C and N:C elemental 

r a t i o s of about 0.15 : 1 i n a l l c a s e s . T h i s i s s i m i l a r to the 

composition of plasma polymers formed a t low power, but does not 

m i r r o r the decrease i n oxygen content a t higher powers. The 

absence of t h i s change i n the l e v e l of oxygen makes the la r g e 

d i f f e r e n c e i n con t a c t angles between the high and low photon fl u x 

m a t e r i a l s more d i f f i c u l t to e x p l a i n . However, a c l o s e r 

examination of the core l e v e l s p e c t r a shows some changes 

which might give a reason for the contact angle changes. The Ô ĝ 

s p e c t r a of high and low photon f l u x m a t e r i a l s are shown i n figure 

6.14. At low photon f l u x the spectrum i s very s i m i l a r to that of 

a h y d r o p h i l i c NVP plasma polymer, with n e a r l y a l l the oxygen i n a 

s i n g l e environment a t 531.2 eV corresponding to the N-C=0 type of 

environment found i n the conventional polymer. As i n the 

corresponding plasma polymer there i s a l s o a small shoulder at 
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a) b) 

BE(eV) BE(eV) 

F i g u r e 6.14 XPS 01s s p e c t r a of NVP photopolymers formed at 
(a) low photon f l u x , (b) high photon f l u x 

532.5 eV. The spectrum of the hydrophobic photopolymer i s s i m i l a r 

to t h i s but the peak corresponding to the second oxygen 

environment i s considerably l a r g e r i n t h i s case. A p l o t of the 

changes i n the r a t i o s of these two peaks i s shown i n f i g u r e 6.13, 

and can be compared with the d i f f e r e n c e s i n contact angle shown 

i n f i g u r e 6.12. The change i n the 0-^^ occurs f a i r l y suddenly and 

a t the same photon f l u x as f o r the sharp r i s e i n contact angle. 

The h i g h e r binding energy oxygen must t h e r e f o r e be i n an 

environment t h a t does not enable i t to s i g n i f i c a n t l y i n f l u e n c e 

the c o n t a c t angle, u n l i k e the oxygen i n the p y r r o l i d i n o n e r i n g , 

which has a l a r g e h y d r o p h i l i c e f f e c t . The change i n the 0-^^ 

between the high and low photon f l u x photopolymers i s much l e s s 

than f o r the plasma polymers. Therefore, although a t low power or 
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photon f l u x the plasma and photopolymers are very s i m i l a r , the 

high photon f l u x photopolymer i s not the same as a high power 

plasma polymer d e s p i t e having some c h a r a c t e r i s t i c s i n common. 

The photopolymer produced a t low photon f l u x a t a lower 

p r e s s u r e and flow r a t e (0.13 t o r r and 0.6 cm-^/min) was found to 

be e s s e n t i a l l y the same as t h a t formed a t high photon f l u x and at 

0.2 t o r r . I t would t h e r e f o r e appear t h a t a photon f l u x / flow 

r a t e r e l a t i o n s h i p s i m i l a r to the W/F r e l a t i o n s h i p i n plasma 

p o l y m e r i s a t i o n a p p l i e s . 

P o s i t i v e ion SIMS s p e c t r a of h y d r o p h i l i c and hydrophobic 

photopolymers of NVP are shown i n f i g u r e 6.15. Comparison with 

f i g u r e 6.10 shows t h a t the spectrum f o r the h y d r o p h i l i c 

photopolymer i s v i r t u a l l y i d e n t i c a l to t h a t f o r the conventional 

polymer, i n c l u d i n g the peaks a t 207 and 23 3 a.m.u. corresponding 

to d i m e r i c s t r u c t u r e s . The i m p l i c a t i o n of t h i s i s th a t under low 

photon f l u x c o n d i t i o n s i t i s e s s e n t i a l l y a conventional polymer 

t h a t i s formed. The h y d r o p h i l i c plasma polymer does not show the 

two peaks above 200 a.m.u., so t h e r e i s a s l i g h t d i f f e r e n c e 

between the plasma and photopolymers. 

The SIMS spectrum of the hydrophobic photopolymer i s s i m i l a r 

t o t h a t of the hydrophobic plasma polymer. The c l u s t e r s of peaks 

up t o 112 a.m.u. are e s s e n t i a l l y the same, but there i s a l s o a 

s i g n i f i c a n t peak a t 124 a.m.u. not present i n the hydrophobic 

plasma polymer, but found i n the conventional and h y d r o p h i l i c 

polymers. I t t h e r e f o r e appears t h a t the hydrophobic photopolymer 

i s i n t e rmediate i n s t r u c t u r e between the hydrophobic and 

h y d r o p h i l i c plasma polymers, but c l o s e r to the hydrophobic type. 
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Photolyses of NMP and NEP f o r 5 hours a t pr e s s u r e s of 0.19 

t o r r both f a i l e d to show any polymer when the aluminium 

s u b s t r a t e s were examined u s i n g XPS. Th i s i s c l e a r l y d i f f e r e n t 

from the NVP, suggesting t h a t the v i n y l group i s important i n the 

NVP photopolymerisation. As the photopolymerisation of NVP i s 

s i m i l a r t o the low W/F plasma polymerisation i t i s t h e r e f o r e 

l i k e l y t h a t the v i n y l group i s important i n the plasma 

p o l y m e r i s a t i o n a l s o . The reason suggested e a r l i e r f o r the 

s i m i l a r i t y between the plasma polymers of NMP, NEP and NVP ( i . e . 

l o s s of hydrogen to form a double bond, followed by 

p o l y m e r i s a t i o n ) , i s c o n s i s t e n t with the l a c k of photopolymer 

formed from NMP and NEP. As i n the case of the s a t u r a t e d a c i d s 

(see chapter 4 ) , hydrogen l o s s does not occur so e a s i l y during UV 

p h o t o l y s i s as i n a plasma, so formation of o l e f i n i c groups which 

can l e a d to p o l y m e r i s a t i o n i s very r e s t r i c t e d , and l i t t l e or no 

polymer i s formed. 

6.3.4 The I n f l u e n c e of Photon Flux on the Deposition Rate of NVP 
Photopolymers 

The d e p o s i t i o n r a t e s of a s e r i e s of NVP photopolymerisations 

were measured u s i n g a quartz c r y s t a l t h i c k n e s s monitor, under 

c o n d i t i o n s of 0.2 t o r r p r e s s u r e , an NVP flow r a t e of 1.8 cm^/min 

and with a range of UV l i g h t i n t e n s i t i e s from 3 to 4 0 mW/cm̂  (the 

same s e t s of c o n d i t i o n s as used f o r XPS and conta c t angle 

a n a l y s i s ) . Allowance was made f o r the heating e f f e c t of the lamp 

on the monitor by rep e a t i n g each experiment with no monomer 

pr e s e n t ; the d i f f e r e n c e between the two va l u e s obtained being 
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Table 6.1 I n f l u e n c e of photon f l u x on the surface 
photopolymerisation of NVP 

Photon F l u x 
(mW/cm ) 

* 
Deposition 

Rate 
Contact 
Angle 

(degrees) 

% of 0 
532. 

3.2 2 0 17 

6.4 6 0 15 

10. 0 11 26 23 

14 .8 15 57 30 

37 . 0 28 60 30 

A r b i t r a r y u n i t s 

D E P O S I T I O N R A T E V S . P H O T O N F L U X 
nrp PuorropovintgRS 

3 
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F i g u r e 6.16 Logarithmic p l o t of d e p o s i t i o n r a t e s of NVP 
photopolymers as a fu n c t i o n of photon f l u x 

205 



t a k e n a s t h e NVP p o l y m e r i s a t i o n r a t e . The r e s u l t s a r e p r e s e n t e d 

on t a b l e 6.1 a n d p l o t t e d i n l o g a r i t h m i c f o r m i n f i g u r e 6.16. 

T h e s l o p e o f t h e p l o t o f l o g ( d e p o s i t i o n r a t e ) a g a i n s t l o g 

( p h o t o n f l u x ) shown on f i g u r e 6.16 s h o u l d be e q u a l t o t h e o r d e r 

o f t h e p o l y m e r i s a t i o n r e a c t i o n w i t h r e s p e c t t o l i g h t i n t e n s i t y . 

S i n c e i f . 

R a t e = k ( I n t e n s i t y ) " 6.2 

w h e r e k i s a c o n s t a n t , t h e n , 

l o g ( R a t e ) = l o g k + n l o g ( I n t e n s i t y ) 6.3 

E x a m i n a t i o n o f f i g u r e 6.16 w i l l show t h a t t h e s l o p e i s n o t 

c o n s t a n t , b u t u n d e r g o e s a c h a n g e a t a p h o t o n f l u x o f a b o u t 10 

mW/cm^. At low UV l i g h t i n t e n s i t i e s t h e s l o p e o f t h e g r a p h i s 

1.45 ( o r W i t h i n e x p e r i m e n t a l e r r o r , 1 . 5 ) , i n d i c a t i n g a r e a c t i o n 

o r d e r o f 1.5. T h e r e must t h e r e f o r e be a t l e a s t two p h o t o n s o f 

l i g h t i n v o l v e d i n t h e r e a c t i o n . At h i g h UV l i g h t i n t e n s i t i e s t h e 

s l o p e i s l e s s , g i v i n g a r e a c t i o n o r d e r o f a b o u t 0.7. T h e r e a r e 

u n f o r t u n a t e l y n o t e n o u g h d a t a p o i n t s t o be a b l e t o t e l l w h e t h e r 

t h e r e i s a s u d d e n c h a n g e i n t h e r e a c t i o n o r d e r , o r a g r a d u a l 

d e c r e a s e w i t h i n c r e a s i n g p h o t o n f l u x . C o m p a r i s o n o f f i g u r e 6.14 

W i t h f i g u r e s 6. la. a n d 6 . 1 3 a n d t h e d a t a i n t a b l e 6.1 shows t h a t 

t h i s c h a n g e i n r e a c t i o n o r d e r c o r r e s p o n d s t o t h e c h a n g e s o b s e r v e d 

i n t h e n a t u r e o f t h e p o l y m e r f o r m e d . T h e r e a p p e a r t o be two v e r y 

d i s t i n c t t y p e s o f NVP p h o t o p o l y m e r : t h e h y d r o p h i l i c p o l y m e r , 

i m i l a r t o t h e c o n v e n t i o n a l p o l y m e r a n d t h e low W/F p l a s m a 

p o l y m e r , f o r m e d a t low l i g h t i n t e n s i t i e s w i t h a p h o t o n f l u x 

2 0 6 
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dependence of 1.5, and the hydrophobic polymer formed a t high 

l i g h t i n t e n s i t i e s w ith a photon f l u x dependence of 0.7, which 

appears t o be intermediate i n nature between the high and low W/F 

plasma polymers. 

At low UV i n t e n s i t i e s t h e r e i s a l i g h t d e f i c i e n c y making the 

photon f l u x r a t e determining, while at high photon i n t e n s i t y 

t h e r e seems to be an excess of l i g h t so the dependence of the 

d e p o s i t i o n r a t e on l i g h t i n t e n s i t y decreases. T h i s i s analogous 

to the dependence of d e p o s i t i o n r a t e on W/F i n plasma 

p o l y m e r i s a t i o n shown by Yasuda^. The f a c t t h a t the order i s 

decreased by about a h a l f suggests that only one of the two 

photon induced p r o c e s s e s ceases to be r a t e determining, so the 

two s t e p s i n v o l v i n g UV l i g h t must be d i f f e r e n t . The r e a c t i o n 

r e a c t i o n orders of 0.7 and 1.5 instead of 1 and 2 are p o s s i b l y 

due to the t e r m i n a t i o n mechanisms. For a one photon r e a c t i o n , 

t e r m i n a t i o n of p o l y m e r i s a t i o n by r a d i c a l recombination would lead 

to a r e a c t i o n order of 0.5, while termination by c o l l i s i o n with 

the r e a c t o r w a l l s would give a r e a c t i o n order of 1.0^^. I t 

t h e r e f o r e appears t h a t these two processes are o c c u r r i n g i n 

roughly equal p r o p o r t i o n s . 

As the low power plasma polymerisation i s l i k e the low 

photon f l u x photopolymerisation, i t i s l i k e l y t h a t two a c t i v a t i o n 

s t e p s a r e a l s o i n v o l v e d i n the formation of the plasma polymers. 

One reason f o r the d i f f e r e n c e between the two types of plasma 

polymer may be due to whether the power input i s s u f f i c i e n t to 

s a t u r a t e one of the two e x c i t a t i o n processes. I n the case of the 

high W/F plasma polymer however, the s i t u a t i o n i s f u r t h e r 

complicated by the high energy ion chemistry a c c e s s i b l e . I t i s 
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probably t h i s which causes the d i f f e r e n c e s observed between the 

high W/F plasma polymers and the high photon f l u x surface 

photopolymers of NVP. 

I n the p h o t o l y s i s of butadiene, a s c r i b e d to a two photon 

process, i t was found by Srinivasan-'--'-, t h a t there was an 

i n d u c t i o n period caused by the requirement of a b u i l d up of gas 

phase products f o r polymerisation. No such induction period was 

observed i n the photopolymerisation of NVP under any condition, 

so i t appears t h a t no such b u i l d up i s necessary i n t h i s case. 

6.3.5 The I n f l u e n c e of the Angle of Incidence of UV Licfht on the 
Deposition Rate of an NVP Surface Photopolymer 

The d e p o s i t i o n r a t e s of NVP photopolymers were measured with 

the t h i c k n e s s monitor positioned so as to give i n c i d e n t angles of 

90°, 45° and 0°. The conditions used ( 0.18 t o r r , low l i g h t 

i n t e n s i t y ) were such as to produce the h y d r o p h i l i c polymer, so 

the r e s u l t s should be r e l e v a n t to low W/F plasma polymerisation. 

Each experiment was repeated with an aluminium f o i l s u bstrate i n 

p l a c e of the t h i c k n e s s monitor so t h a t polymer could be c o l l e c t e d 

and analysed by contact angle measurement to confirm that the 

polymer formed was of the h y d r o p h i l i c type. The r e s u l t s of the 

t h r e e experiments are given i n t a b l e 6.2. 
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Table 6.2 The e f f e c t of i n c i d e n t angle on de p o s i t i o n r a t e 

I n c i d e n t Angle Deposition Rate Polymer Type 
(degrees) ( a r b i t r a r y u n i t s ) 

90 7.0 h y d r o p h i l i c 

45 5.5 h y d r o p h i l i c 

0 3.7 h y d r o p h i l i c 

When the i n c i d e n t angle was 0° the amount of UV r a d i a t i o n 

d i r e c t l y s t r i k i n g the s u r f a c e of the t h i c k n e s s monitor was 

approximately zero. The formation of polymer i n t h i s case must 

t h e r e f o r e be a r e s u l t of s p e c i e s a c t i v a t e d i n the gas phase. When 

the i n c i d e n t angle was 90° the de p o s i t i o n r a t e was approximately 

double t h a t a t 0°. T h i s shows t h a t photon a c t i v a t e d r e a c t i o n s are 

a l s o o c c u r r i n g on the s u r f a c e of the monitor, and i n t h i s case 

accounts f o r approximately h a l f of the polymer formation. When 

the i n c i d e n t angle was 45° the amount of l i g h t h i t t i n g the 

s u r f a c e was l e s s , and so the r a t e of polymer formation was 

int e r m e d i a t e between t h a t a t 0° and 90°. The i n t e n s i t y of the 

l i g h t i n c i d e n t on the s u r f a c e i s p r o p o r t i o n a l to s i n ( e ) , where e 
i s the angle of in c i d e n c e , so a t 45° the l i g h t i n t e n s i t y i s l/v2, 

or about 70% of t h a t a t 90°. Using t h i s , i t should be po s s i b l e to 

obt a i n an order of r e a c t i o n with r e s p e c t to photon f l u x for the 

l i g h t induced process on the su r f a c e . Unfortunately the 

d e p o s i t i o n r a t e s quoted have an e r r o r of about ±1, and so are too 

i n a c c u r a t e f o r t h i s to be done. More p r e c i s e measurements are 

needed t o obt a i n t h i s information. 

I n a se p a r a t e experiment h a l f the calcium f l u o r i d e window 
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was c o v e r e d by a mask s o t h a t p a r t o f t h e r e a c t i o n c h a m b e r w o u l d 

r e c e i v e no UV i r r a d i a t i o n . The d e p o s i t i o n m o n i t o r was p l a c e d i n 

t h i s p a r t o f t h e c h a m b e r i n s u c h a p o s i t i o n a s t o be 

a p p r o x i m a t e l y 0.5cm f r o m t h e n e a r e s t UV r a d i a t i o n . The d e p o s i t i o n 

r a t e on t h e m o n i t o r i n t h i s c a s e u a s f o u n d t o be 3.0. The f a c t 

t h a t p o l y m e r i s f o r m e d on t h e m o n i t o r shows t h a t t h e r e a c t i v e 

s p e c i e s f o r m e d by t h e UV r a d i a t i o n a r e c o m p a r a t i v e l y l o n g l i v e d . 

T h e l e n g t h o f t i m e c a n be c a l c u l a t e d from e q u a t i o n 6.4. 

t = d==/D 6.4 

w h e r e t = t h e t i m e t o d i f f u s e t o t h e m o n i t o r 
d = d i s t a n c e o v e r w h i c h d i f f u s i o n o c c u r s ( 0 . 5 cm) 

a n d D = d i f f u s i o n c o e f f i c i e n t 

T he d i f f u s i o n c o e f f i c i e n t i s g i v e n by e q u a t i o n 6.5. 

D = uX/3 6.5 

w h e r e u = t h e mean s p e e d o f t h e m o l e c u l e s 
a n d \ = t h e mean f r e e p a t h o f t h e m o l e c u l e s 

T h e m o l e c u l a r s p e e d a n d mean f r e e p a t h c a n be c a l c u l a t e d 

f r o m e q u a t i o n s 6.8 a n d 6.7. 

u ^ ~ u=» = 3PV / Nm 6.6 

w h e r e F = p r e s s u r e 
V = v o l u m e 
N = number o f m o l e c u l e s 
m = mass o f e a c h m o l e c u l e 

X = 1/^2 Jinx* 6.7 

w h e r e n = number o f m o l e c u l e s p e r c u b i c c e n t i m e t r e 
X = d i a m e t e r o f a m o l e c u l e 

2 1 0 



Taking the diameter of an NVP molecule to be approximately 

4A and the p r e s s u r e as 0.18 t o r r , the v a l u e s of u and X are found 

to be 25000 cms"^ and 0.02 cm r e s p e c t i v e l y . T h i s leads to a value 

f o r the d i f f u s i o n c o e f f i c i e n t of 180 cm^s"-^, and so to a value 

f o r the time taken to d i f f u s e 0.5 cm of 1.4 x 10"-^, or 1/720 

seconds. 

The d e p o s i t i o n r a t e was s l i g h t l y l e s s than f o r the 

experiment with the depositio n monitor at 0°, suggesting t h a t not 

a l l the a c t i v a t e d molecules d i f f u s e so f a r as 0.5 cm before 

d e a c t i v a t i o n . The value of 1/720 seconds i s t h e r e f o r e probably of 

the same order of magnitude as the l i f e t i m e of the polymerising 

s p e c i e s i n the gas phase: i . e . the mean l i f e t i m e i s probably i n 

the range from 1/100 to 1/1000 seconds. 

The c o m p a r i t i v e l y long l i f e of the a c t i v e s p e c i e s and t h e i r 

a b i l i t y t o d i f f u s e over s i g n i f i c a n t d i s t a n c e s means t h a t 

p a t t e r n e d d e p o s i t i o n , c h a r a c t e r i s t i c of many s u r f a c e 

photopolymers"^^, can not be achieved f o r NVP. 

6.3.6 NVP Photopolymerisation with Pulsed I r r a d i a t i o n 

A more acc u r a t e method of determining the l i f e t i m e of the 

p o l y m e r i s i n g s p e c i e s i s to use pulsed i r r a d i a t i o n ^ . As described 

i n the i n t r o d u c t i o n to t h i s chapter, i r r a d i a t i o n a t pulse 

f r e q u e n c i e s slower than the l i f e t i m e of the a c t i v e s p e c i e s should 

produce a d e p o s i t i o n r a t e of h a l f t h a t f o r continuous 

i r r a d i a t i o n , w hile pulse frequencies g r e a t e r than the l i f e t i m e 

g i v e r i s e to a d e p o s i t i o n r a t e of ( 1 / 2 ) ^ of the value for 

continuous i r r a d i a t i o n , where n i s the order of r e a c t i o n with 
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r e s p e c t t o photon f l u x . For the h y d r o p h i l i c NVP photopolymer, 

where n = 1.5 p l o t of d e p o s i t i o n r a t e versus pulse frequency 

should produce a graph s i m i l a r to f i g u r e 6.17(a), with a value 

f o r the d e p o s i t i o n r a t e a t high frequencies of (1/2) or about 

3 5% of t h a t f o r continuous i r r a d i a t i o n . 

A s e r i e s of NVP photopolymerisations were c a r r i e d out using 

p u l s e d i r r a d i a t i o n of between 100 and 1000 Hz a t 0.18 t o r r , using 

c o n d i t i o n s s u i t a b l e f o r producing the h y d r o p h i l i c polymer and the 

d e p o s i t i o n r a t e f o r the continuous i r r a d i a t i o n was a l s o measured. 

Each experiment was repeated with an aluminium f o i l s u b s t r a t e i n 

p l a c e of the d e p o s i t i o n monitor so t h a t i t could be confirmed 

t h a t the h y d r o p h i l i c polymer was being formed i n each case. The 

r e s u l t s of the d e p o s i t i o n r a t e measurements are p l o t t e d on f i g u r e 

6.17(b). 

I t can be seen t h a t at the lowest frequency measured the 

d e p o s i t i o n r a t e i s roughly 50% of t h a t f o r continuous 

i r r a d i a t i o n , as expected. I t i s p o s s i b l e however, t h a t f u r t h e r 

v a r i a t i o n may occur outside the frequency range i n v e s t i g a t e d . 

At 2 00 Hz the d e p o s i t i o n r a t e had decreased to approximately 

30% of the continuous value. T h i s i s not f a r d i f f e r e n t from the 

p r e d i c t e d 35%, suggesting t h a t the l i f e t i m e of the a c t i v e s p e c i e s 

i s between 1/100 and 1/200 seconds ( i . e . 7.5 x 10"-^ ± 2.5 x 10"-^ 

s e c o n d s ) . At higher pulse frequencies however, there are l a r g e 

v a r i a t i o n s i n d e p o s i t i o n r a t e not p r e d i c t e d by the theory. I t i s 

p o s s i b l e t h a t these changes correspond to the l i f e t i m e s of 

s p e c i e s i n v o l v e d i n the polymerisation and other competitive 

r e a c t i o n s . T h i s would suggest a very complex mechanism for the 

photopolymerisation i n v o l v i n g many s p e c i e s . 
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T H E O R E T I C A L D E P O S I T I O N R A T E S 

O B S E R V E D D E P O S I T I O N R A T E S 
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F i g u r e 6.17 Deposition r a t e s of NVP photopolymers as a function 
of the frequency of pulsed i r r a d i a t i o n , 
(a) t h e o r e t i c a l , (b) observed 
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Between 300 and 500 Hz and a t 900 Hz the deposition r a t e i s 

about 65% of t h a t f o r continuous i r r a d i a t i o n and between 500 Hz 

and 600 Hz the v a l u e i s again a t about 30% of the continuous 

v a l u e . A one photon r e a c t i o n g i v i n g a r e a c t i o n order of 0.7 would 

be expected, a t high p u l s e frequency, to lead to a deposition 

r a t e of (1/2) "̂ '̂  or 62% of the continuous r a t e . T h i s i s f a i r l y 

c l o s e t o the v a l u e s obtained between 300 and 500 Hz and at 900 

Hz. I t i s t h e r e f o r e p o s s i b l e t h a t the r e a c t i o n i s switching 

between a one photon and a two photon process as the pulse 

frequency i s i n c r e a s e d . Why t h i s should occur i s not known, but 

the p r o c e s s i s obviously f a r from simple. The s i n g l e photon 

r e a c t i o n o c c u r r i n g a t c e r t a i n frequencies of pulsed 

i r r a d i a t i o n ( i f t h i s i s the case) i s not the same as the 0.7 

order r e a c t i o n t a k i n g p l a c e with high photon f l u x or low flow 

r a t e and continuous i r r a d i a t i o n . T h i s i s demonstrated by the f a c t 

t h a t the polymer produced i n the former case i s h y d r o p h i l i c , 

w h i l e t h a t produced i n the l a t t e r case i s hydrophobic. 

A s i m i l a r s e r i e s of experiments were attempted fo r the 

hydrophobic photopolymer. I n order to be able to obtain the 

c o r r e c t polymer type with pulsed i r r a d i a t i o n the vapour pressure 

of the NVP had to be reduced to 0.13 t o r r . Unfortunately t h i s led 

t o a r e d u c t i o n i n the polymer deposition r a t e which meant that 

a c c u r a t e readings could not be taken. Pulsed i r r a d i a t i o n s i n the 

range 50-500 Hz appeared to give c o n s i s t e n t readings of about 

h a l f the r a t e f o r continuous i r r a d i a t i o n , apart from a p o s s i b l e 

s l i g h t d i p a t 275 Hz. T h i s would seem to imply t h a t the l i f e t i m e 

of s p e c i e s i n t h i s case i s probably l e s s than 1/500 seconds, but 

the i n a c c u r a c y of the data makes t h i s very u n c e r t a i n . 
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6 ^ SUMMARY 
Two d i s t i n c t types of NVP plasma polymer can be produced. At 

low W/F the polymer has a zero contact angle with water and i s 

s i m i l a r t o the conventional polymer. At high W/F a hydrophobic 

polymer i s produced which i s considerably d i f f e r e n t from the 

c o n v e n t i o n a l polymer. The oxygen content an h y d r o p h i l i c i t y of 

t h i s second type i n c r e a s e s l i g h t l y a t very high W/F. Two types of 

s u r f a c e photopolymer can a l s o be produced by varying the photon 

f l u x / f l o w r a t e r a t i o . At low photon f l u x the polymer i s very 

s i m i l a r to the h y d r o p h i l i c plasma polymer, but there are some 

d i f f e r e n c e s between the high W/F plasma polymer and the 

high photon f l u x photopolymer, (which seems i n some re s p e c t s to 

be in t e r m e d i a t e between the high and low W/F plasma polymers) . A 

p o s s i b l e reason f o r these d i f f e r e n c e s i s t h a t high energy ion 

chemistry, not a v a i l a b l e photochemically, may play an important 

r o l e i n the high W/F plasma polymerisation. 

NMP and NEP plasma polymerise very s i m i l a r l y to NVP, but do 

not form s u r f a c e photopolymers. The v i n y l group i s th e r e f o r e 

important i n the photopolymerisation of NVP, and so probably a l s o 

i n the low W/F plasma polymerisation. The plasma polymerisation 

of NMP and NEP probably proceeds through the l o s s of hydrogen to 

form a double bond, i n a s i m i l a r manner to the saturated a c i d s i n 

chapter 4. 

F u r t h e r study of the NVP photopolymerisation shows t h a t the 

r e a c t i o n orders w i t h r e s p e c t to photon f l u x f o r the h y d r o p h i l i c 

and hydrophobic polymers are 1.5 and 0.7 r e s p e c t i v e l y , suggesting 

a two photon process, one pa r t of which ceases to be r a t e 

determining a t high photon f l u x . No induction period was 
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observed, suggesting t h a t a b u i l d up of a c t i v a t e d gas phase 

s p e c i e s i s not r e q u i r e d . Under h y d r o p h i l i c conditions the photon 

induced r e a c t i o n s occur both i n the gas phase and on the s u r f a c e . 

P o l y m e r i s i n g s p e c i e s i n the gas phase are able to t r a v e l a 

c o n s i d e r a b l e d i s t a n c e before d e a c t i v a t i o n , i n d i c a t i n g t h a t t h e i r 

l i f e t i m e i s of the order of 10~^ to 10"-^ seconds. Experiments 

wi t h pulsed i r r a d i a t i o n suggest t h a t the l i f e t i m e may be between 

1/100 and 1/200 seconds, and t h a t the r e a c t i o n i s complex and may 

s w i t c h between one and two photon processes a t d i f f e r e n t pulse 

f r e q u e n c i e s . T h i s mechanistic information about the h y d r o p h i l i c 

photopolymer probably a l s o a p p l i e s to the h y d r o p h i l i c plasma 

polymer. 
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P e n i c i l l i n Biosynthesis 

^ BALDWIN & WALKER. Drs. R.R. & R.W. (Hull University) 
Combustion: Some Burning Problems 

BOLLEN. Mr. F. (Durham Chemistry Teachers' Centre) 
Lecture about the use of SATIS in the classroom 

BUTLER. Dr. A.R. (St. Andrews University) 
Cancer i n Linxiam: The Chemical Dimension 

^ CADOGAN, Prof. J.I.G. ( B r i t i s h Petroleum) 
From Pure Science to P r o f i t 

CASEY, Dr. M. (University of Salford) 
Sulphoxides i n Stereoselective Synthesis 

WATERS & CRESSEY. Mr. D. & T. (Durham Chemistry Teachers' 
Centre) 

GCSE Chemistry 1988: "A Coroner's Report" 

CRICH. Dr. D. (University College London) 
Some Novel Uses of Free Radicals in Organic 
Synthesis 

DINGWALL. Dr. J. (Ciba Geigy) 
Phosphorus-containing Amino Acids: B i o l o g i c a l l y 
Active Natural and Unnatural Products 

ERRINGTON. Dr. R.J. (University of Newcastle-upon-Tyne) 
Polymetalate Assembly i n Organic Solvents 

FREY, Dr. J. (Southampton University) 
Spectroscopy of the Reaction Path: Photodissociation 
Raman Spectra of NOCl 

3rd May, 1989 

15th March, 1989 

16th February, 1989 

9th February, 1989 

24th November, 1988 

18th October, 1988 

15th February, 1989 

10th November, 1988 

2Qth A p r i l , 1989 

1st February, 1989 

27th A p r i l , 1989 

18th October, 1988 

1st March, 1989 

11th May, 1989 



» HALL, Prof- L.D. (Addenbrooke's Hospital, Cambridge) 
NMR - A Window to the Human Body 

HARDGRQVE. Dr. G. (St. Olaf College, U.S.A.) 
Polymers i n the Physical Chemistry Laboratory 

HARWgOD, Dr. L. (Oxford University) 
Synthetic Approaches to Phorbols Via Intramolecular 
Furan Diels-Alder Reactions: Chemistry under Pressure 

JXGER, Dr. C. (F r i e d r i c h - S c h i l l e r University GDR) 
NMR Investigations of Fast Ion Conductors of the 
NASICON Type 

* JENNINGS. Prof. R.R. (Warwick University) 
Chemistry of the Masses 

JOHNSON, Dr. B.F.G. (Cambridge University) 
The Binary Carbonyls 

JONES, Dr. M.E. (Durham Chemistry Teachers' Centre) 
Discussion Session on the National Curriculum 

JONES, Dr. M.E. (Durham Chemistry Teachers' Centre) 
GCSE and A Level Chemistry 1989 

LUDMAN. Dr. C.J. (Durham University) 
The Energetics of Explosives 

MACDOUGALL, Dr. G. (Edinburgh University) 
V i b r a t i o n a l Spectroscopy of Model Catalytic Systems 

MARKO, Dr. I . ( S h e f f i e l d University) 
C a t a l y t i c Asymmetric Osmylation of Olefins 

McLAUCHLAN, Dr. K.A. (University of Oxford) 
The E f f e c t of Magnetic Fields on Chemical Reactions 

MOODY, Dr. C.J. (Imperial College) 
Reactive Intermediates in Heterocyclic Synthesis 

MORTIMER, Dr. C. (Durham Chemistry Teachers' Centre) 
The Hindenberg Disaster - an Excuse fo r Some Experiments 

NICHOI-S, Dr. D. (Durham Chemistry Teachers' Centre) 
Demo. "Liquid A i r " 

PAETZOLD, Prof. P. (Aachen) 
Iminoboranes .XB=NR; Inorganic Acetylenes? 

PAGE, Dr. P.C.B. (University of Liverpool) 
Stereocontrol of Organic Reactions Using 1,3-dithiane-
1-oxides 

2nd February, 1989 

December, 1988 

25th January, 1988 

9th December, 1988 

26th January, 1989 

23rd February, 1989 

14th June, 1989 

28th June, 1989 

18th October, 1988 

22nd February, 1989 

9th March, 1989 

16th November, 1988 

17th May, 1989 

14th December, 1988 

11th July. 1989 

23rd May. 1989 

3rd May, 1989 



•*-POLA, Prof. J. (Czechoslovak Academy of Sciences) 
Carbon Dioxide Laser Induced Chemical Reactions 
New Pathways in Gas-Phase Chemistry 

REES, Prof. C.W. (Imperial College London) 
Some Very Heterocyclic Compounds 

REVELL, Mr. P. (Durham Chemistry Teachers' Centre) 
Implementing Broad and Balanced Science 11-16 

15th June, 1989 

27th October, 1988 

14th March, 1989 

SCHMUTZLER, Prof. R. (Technische Universitat Braunschweig) 6th October, 1988 
Fluorophosphines Revisited - New Contributions to an 
Old Therae 

SCHROCK, Prof. R.R. (M.I.T.) 
Recent Advances i n Living Metathesis 

SINGH, Dr. G. (Teesside Polytechnic) 
Towards Third Generation Anti-Leukaemics 

^ SNAITH, Dr. R. (Cambridge University) 
Egyptian Mummies: What, Where, Why and How? 

STIBR, Dr. R. (Czechoslovak Academy of Sciences) 
Recent Developments i n the Chemistry of Intermediate-
Sited Carboranes 

13th February, 1989 

9th November, 1988 

1st December, 1988 

16th May, 1989 

VON RAGUE SCHLEYER, Prof. P. (Universitat Erlangen Nurnberg) 21st October, 1988 
The F r u i t f u l Interplay Between Calculational and 
Experimental Chemistry 

WELLS, Prof. P.B. ( H u l l University) 
Catalyst Characterisation and A c t i v i t y 

lOth May, 1989 


